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Abstract 

Remote  sensing  measurement  is  a  many-to-one  mapping 
because  multiple  scene  factors,  including  topography,  ground 
cover,  illumination  and  atmosphere,  interact  in  each  meas¬ 
urement.  Remote  sensing  measurements  cannot  be  inter¬ 
preted  directly  as  scene  properties  because  the  inversion 
problem,  formally  posed,  is  underconstrained.  In  rugged  ter¬ 
rain,  one  must  separate  changes  in  measured  brightness 
owing  to  shape  from  changes  owing  to  surface  material  under 
spatially  and  spectrally  varying  conditions  of  illumination 
and  atmospheric  attenuation.  Typically,  trade-offs  arise  that 
cannot  be  uniquely  resolved. 

One  idea  is  to  use  additional  scene  knowledge  in  the 
form  of  a  digital  terrain  model  (DTM)  and,  where  available, 
existing  ground  cover  maps.  This  allows  an  image  to  be  syn¬ 
thesized  for  any  given  date  and  time.  Synthesis  is  based  on 
an  image  irradiance  equation  that  combines  the  bidirectional 
reflectance  distribution  function  (BRDF)  of  the  surface 
material,  the  spatial  and  spectral  distribution  of  light  sources 
and  a  simple  model  of  atmospheric  attenuation  and  path 
radiance.  The  unknown  parameters  of  the  model  are  physi¬ 
cal  parameters  that  can,  in  principle,  be  supplied  externally. 
Otherwise,  they  are  estimated  from  the  real  image.  The 
parameters  are  used  in  radiometric  correction  to  estimate  an 
intrinsic  reflectance  factor  related  to  ground  cover. 

Keywords:  radiometric  correction,  reflectance,  digital  terrain 
model,  topography,  illumination,  atmosphere 

Introduction 

Consider  a  hypothetical  nadir  viewing  satellite,  in  per¬ 
fect  geosynchronous  orbit,  that  repeatedly  views  the  identical 
portion  of  tne  earth’s  surface.  As  a  first  guess,  one  might 
suppose  that  such  a  satellite  would  produce  copies  of  what  is 
essentially  the  same  image.  But,  this  would  not  be  so.  The 
direction  of  dominant  i!!urr.ir.sticr.  chsnjjss  with  the  time  of 
day  as  the  sun  follows  its  trajectory  from  sunrise  to  sunset. 
Similarly,  sky  radiance  and  atmospheric  transmission  change 
with  weather  and  other  factors.  The  measurements  obtained 
by  the  hypothetical  satellite  would  change,  and  these 
changes  would  be  more  acute  in  areas  of  rugged  terrain. 
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Consider  a  second  hypothetical  satellite,  also  in  perfect 
geosynchronous  orbit,  that  repeatedly  views  the  same  portion 
of  the  earth’s  surface  but  from  an  off-nadir  viewpoint.  As  a 
first  guess,  one  might  suppose  that  both  satellites  would 
record  identical  measurements  when  viewing  identical  points 
on  the  earth’s  surface.  Again,  this  would  not  be  so.  In  gen¬ 
eral,  the  amount  of  light  reflected  by  a  surface  element 
depends  on  the  relative  geometry  of  surface  and  viewer.  The 
measurements  obtained  by  the  two  hypothetical  satellites 
would  differ,  and  these  differences  would  be  more  acute  in 
areas  of  rugged  terrain  and  when  atmospheric  attenuation  is 
noticeable. 

Thus,  radiometric  correction  is  not  simply  a  process  to 
make  multiple  images  appear  to  have  been  measured  by  a 
single  standard  sensor.  Radiometric  correction  also  is 
required  to  account  for  differences  in  illumination,  atmo¬ 
sphere  and  viewpoint,  even  if  measurements  are  acquired  by 
a  single  sensor. 

For  ten  years  now,  I  have  considered  the  problem  of 
radiometric  correction  of  multispectral  scanner  data  posed  as 
the  problem  of  determining  an  intrinsic  reflectance  factor 
characteristic  of  the  surface  material  being  imaged  that  is 
invariant  to  topography,  position  of  the  sun,  atmosphere  and 
position  of  the  viewer.  Four  papers  describe  the  develop¬ 
ment  of  the  key  analytic  tools  and  related  experimental 
results  (Woodham,  1980a),  (Woodham  ef  a/.,  1985),  (Wood- 
ham  and  Lee,  1985)  and  (Woodham  and  Gray,  1987).  In  this 
paper,  I  summarize  the  relevant  technical  considerations  and 
experimental  results.  I  also  suggest,  based  on  my  experience, 
implications  that  this  work  has  to  the  general  task  of  deter¬ 
mining  intrinsic  surface  reflectance  in  rugged  terrain  and 
changing  illumination. 

Technical  Considerations 
Bidirectional  Reflectance  Distribution  Function 

The  intrinsic  reflectance  of  a  surface  material  is  specified 
by  its  bidirectional  reflectance  distribution  function  (BRDF). 
The  BRDF  was  introduced  by  (Nicodemus  et  ai,  1977)  as  a 
unified  notation  for  the  specification  of  reflectance  in  terms 
of  both  the  incident  and  reflected  ray  geometry.  The  BRDF, 
denoted  by  the  symbol  /r,  is  the  ratio  of  the  reflected  radi¬ 
ance,  dLr,  in  the  direction  toward  the  viewer  to  the  irradi¬ 
ance,  dEf,  in  the  direction  from  a  portion  of  the  source. 
That  is, 
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WiMAA)  = 
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Directions  are  given  in  spherical  coordinates  ( $,<f> ).  Subscript 
t  denotes  quantities  associated  with  the  incident  radiant  flux 
and  subscript  r  denotes  quantities  associated  with  the 
reflected  radiant  flux. 


A  Lambertian  surface  has  BRDF 


where  p  is  called  the  bidirectional  reflectance  factor 
(0<p<  1).  When  p  =  1  the  Lambertian  surface  is  per¬ 
fectly  diffuse  (lossless).  Since  Equation  (2)  doesn’t  depend 
on  (0,-,^,)  or  (8„<t>r),  the  parameter  p  is  invariant  to  condi¬ 
tions  of  illumination  and  viewing.  For  surfaces  that  are  not 
Lambertian,  the  bidirectional  reflectance  factor,  p,  is  defined 
to  be  the  ratio  of  the  radiant  flux  reflected  by  a  sample  sur¬ 
face  to  that  which  would  be  reflected  into  the  same 
reflected-beam  geometry  by  an  ideal  (lossless)  Lambertian 
standard  surface  irradiated  in  exactly  the  same  way  as  the 
sample.  In  general,  this  ratio  depends  on  (0,-,^)  and  (0r,<£r). 
Thus,  for  the  general  case,  the  bidirectional  reflectance  fac¬ 
tor,  p,  is  not  a  scalar  but,  like  the  BRDF  itself,  it  is  a  func¬ 
tion  of  (0,^,)  and  (0r,^r). 

The  BRDF  allows  one  to  derive  scene  radiance,  L„  for 
any  light  source  distribution  and  viewer  geometry  by 
integrating  over  the  specified  solid  angles.  A  systematic 
approach  to  this  problem  is  described  in  (Horn  and 
Sjoberg,  1979),  including  results  for  the  Lambertian  case 
given  below.  Some  simple  situations,  like  the  Lambertian 
case,  lead  to  closed  form  solutions  of  the  associated  integral. 
But,  most  general  situations  are  more  difficult  and  closed 
form  solutions  are  rare. 


Scene  radiance  for  a  Lambertian  surface  illuminated  by 
a  collimated  source  with  irradiance  E0  measured  perpendicu¬ 
lar  to  the  beam  of  light  arriving  from  direction  (0o,^o)  >3 
given  by 


A  = 


(3) 


Equation  (3)  is  often  considered  the  defining  equation  of  a 
Lambertian  surface.  In  fact,  it  is  a  derived  equation  for  one 
particular  illumination.  By  comparison,  when  illuminated  by 
a  hemispherical  uniform  “sky”  with  radiance  L0  over  the 
visible  hemisphere,  one  obtains 


Lr—L0p 


1  +  cos(s) 
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(4) 


where  s  is  the  slope  angle  of  the  surface  measured  with 
respect  to  the  horizontal.  The  dependence  on  «  arises 
because  differing  surface  elements  see  differing  amounts  of 
sky  depending  on  surface  slope.  As  slope  increases,  more  of 
the  sky  is  obscured.  (Note,  this  is  purely  a  local  effect  and 
does  not  take  occiusion  of  the  sky  by  adjacent  terrain  into 
account.)  The  essential  point  is  that  Equations  (3)  and  (4) 
differ  only  due  to  the  difference  in  illumination.  Both 
correspond  to  a  Lambertian  surface. 


Spectral  Properties 

The  BRDF  also  depends  on  the  wavelength  A  of  the 
radiation  in  question.  To  make  this  dependence  explicit,  let 
/r(01,^1;0r,0r;A)  be  the  spectral  bidirectional  reflectance  distri¬ 
bution  function  (SBRDF).  Selective  reflection  can  alter  the 
spectral  distribution  of  the  reflected  beam.  If  there  is 
interaction  between  spectral  and  geometric  factors,  as  can  be 
the  case  for  materials  with  significant  internal  scattering, 
then  the  geometric  distribution  also  is  affected.  On  the  other 
hand,  if  there  is  no  interaction  between  wavelength  and  the 
geometric  dependence  of  reflection  then 

friWrAW  =  WAA A)  frW  (5) 

where  /r(A)  is  a  weighting  function  that  determines  relative 
reflection  as  a  function  of  A.  If  equation  (5)  holds,  the 
SBRDF  is  said  to  be  separable.  Otherwise,  there  will  neces¬ 
sarily  be  a  change  in  the  spectral  distribution  of  scene  radi¬ 
ance  as  a  function  of  the  surface  and  viewer  geometry.  The 
SBRDF  of  a  Lambertian  surface  is  separable  with  reflectance 
factor,  p  =  p(A),  a  function  of  A.  On  the  other  hand,  some 
materials  noticeably  change  color  when  viewed  from  different 
directions,  as  nonseparability  requires.  (One  example  is  the 
neck  feathers  of  certain  waterfowl  that  change  color  with 
movement  due  to  the  presence  of  significant  internal  scatter¬ 
ing  by  wax  particles.) 

Modeling  and  Measuring  Reflectance 

The  question,  “How  does  one  measure  reflectance?”  is 
similar  to  the  question  (Mandelbrot,  1982),  “How  long  is  the 
coast  of  Britain?”  because  the  answer  inevitably  depends 
upon  the  scale  at  which  the  measurement  occurs.  The 
BRDF,  defined  by  Equation  (l),  is  a  derivative  with  instan¬ 
taneous  values  that  can  never  be  measured  directly.  Any 
real  measurement  involves  incident  and  reflected  beams  and 
hence  can  yield  only  average  values  of  }r  over  the  finite  solid 
angles  subtended  by  the  light  source  and  viewer.  In  particu¬ 
lar,  an  imaging  device  necessarily  measures  radiance  reflected 
from  a  surface  element  with  finite  area  and  hence  can  yield 
only  average  values  of  /r  over  the  area  subtended  *■«  the 
instantaneous  field  of  view  (IFOV)  of  the  sensor.  Most 
natural  surfaces  are  not  optically  smooth  across  all  scales. 
Consequently,  average  values  over  the  IFOV  of  the  sensor 
are  highly  dependent  on  spatial  scale  and  are  difficult  to 
relate  to  the  underlying  BRDF’s  and  microstructure  of  the 
surface  material. 

Nevertheless,  relating  image  brightness  to  models  of  sur¬ 
face  microstructure  is  an  important  tool  in  several  fields, 
including:  lunar  astronomy  (Minnaert,1961),  (Hapke,  1971); 
reflectance  spectroscopy  (Wendlandt  and  Hecht,  1966);  robot 
vision  (Horn,  1986);  and  computer  graphics  (Cook  and  Tor¬ 
rance,  1982).  These  results  have  been  increasingly  applied  to 
remote  sensing,  especially  to  model  vegetation  canopies 
(Rimes,  1983),  (Goel  and  Deering,  1985),  (Li  and 
Strahler,  1985).  One  goal  is  to  invert  the  canopy  reflectance 
model  to  determine  agrophysical  parameters,  given  measured 
reflectances.  Agrophysical  parameters  include:  leaf 
reflectance,  leaf  transmittance,  leaf  area  index  (LAI),  leaf 
angle  distribution  (LAD),  planting  density  and  direction, 
biomass,  as  well  as  reflectances  and  transmittances  of  under¬ 
lying  structures  such  as  stems  and  soil.  A  second  goal  is  to 
predict  how  a  given  canopy  will  appear  under  different  con¬ 
ditions  of  illumination  and  viewing. 
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Composite  materials  with  significant  surface  roughness 
become  more  difficult  to  model  as  geometric  and  radiometric 
factors  interact.  For  example,  a  simple  thought  experiment 
suggests  that  open  forest  cover  is  not  spectrally  separable  at 
typical  remote  sensing  measurement  scales  because  there  can 
be  a  differing  amount  of  green  (canopy)  versus  brown  (bare 
soil)  seen  per  pixel  as  the  sensor  moves  from  directly  over¬ 
head  to  an  oblique  view.  Some  canopy  reflectance  models 
assign  different  spectral  characteristics  to  each  constituent 
component  to  account  for  this  phenomenon. 

Basic  theoretical  modeling  also  is  increasingly  supported 
by  field  measurement.  Field  measurement  is  difficult,  com¬ 
pared  to  laboratory  measurement,  in  part,  because  it  is  not 
possible  to  control  the  illumination  and,  in  part,  because  it  is 
difficult  to  match  the  scale  of  measurement  in  the  field  to  the 
scale  of  measurement  of  the  satellite  images  to  which  the 
model  will  be  applied.  Thus,  it  is  difficult  to  use  measure¬ 
ments  acquired  under  one  condition  of  illumination  and 
viewing  to  predict  reflectance  for  another  condition  of  illumi¬ 
nation  and  viewing.  To  do  that  requires  knowledge  of  the 
BRDF  and,  as  noted  above,  the  BRDF  itself  is  not  directly 
measurable. 

An  Image  Irradiance  Equation 

Complete  modeling  of  all  components  of  the  image  irra¬ 
diance  equation  is  not  now  feasible.  Let  2  —  f  (x,y)  be  the 
elevation  of  target  point  (z,y)  and  let  E[z,y)  be  the  measured 
image  irradiance.  (Sjoberg  and  Horn,  1983),  (Woodham  and 
Lee,  1985)  and  (Woodham  and  Gray,  1987)  develop  the 
image  irradiance  equation 

E(X,y)  =  Tu  £  (  E0  Td  cos(0  +  Es  +  Lp  (6) 

where 

Tu  is  the  upward  transmission  through  the  atmosphere, 

Ea  is  the  solar  irradiance  at  the  top  of  the  atmosphere, 

Td  is  the  downward  transmission  through  the  atmosphere, 

»  is  the  solar  incident  angle  at  the  target, 

Es  is  sky  irradiance,  integrated  radiance  over  the  hemisphere 
of  the  sky, 

s  is  the  surface  slope, 

LP  is  path  radiance  and 

p  is  the  target’s  bidirectional  reflectance  factor. 

Expressions  for  Tu  and  Td  are  estimated  as  functions  of 
elevation  using  optical  thickness,  r  (2),  as  an  auxiliary  quan¬ 
tity  where 

r  (2)  =  r0  (7) 

Parameter  r0  =  r  (0)  is  the  optical  thickness  at  sea-level  and 
parameter  HT  is  the  scale  height.  The  upward  and  down¬ 
ward  transmissions  then  become 

ru(2)  =  e-'M  (8) 

Tfe)  -  r' <*)/“*(«)  (9) 

where  0  is  the  solar  zenith  angle.  Similarly,  Es  and  Lp  are 
estimated  as  functions  of  elevation. 

Es(z)  =  Ex  tz'H*  (10) 

LP(z)  =  Lpo  t2lHr  (11) 

where  parameters  E so  =  0)  and  Lp§  =  Lp(0)  are  the  sky 


irradiance  and  path  radiance  at  sea-level  and  parameters  Hs 
and  Hp  are  the  respective  scale  heights.  The  image  irradi¬ 
ance  equation  (6)  is  expressed  in  terms  of  six  atmospheric 
parameters  r0,  Hv  Ego,  Hs,  Lpo  and  Hp.  These  all  are  physi¬ 
cal  parameters  that  can  be  determined  independently  or 
estimated  directly  from  remote  sensing  data.  If  these  param¬ 
eters  are  known  and  if  2,  cos(»)  and  cos (*)  are  determined 
from  the  DTM,  then  Equation  (6)  can  be  solved  for  p,  the 
intrinsic  reflectance  factor  of  the  surface  material. 

Experimental  Results 

The  main  study  site  is  a  21.6  km  by  30.4  km  area  sur¬ 
rounding  St.  Mary  Lake  in  southeastern  British  Columbia, 
Canada.  The  area  has  rugged  terrain  with  elevations  vary¬ 
ing  from  944  m  to  2684  m  above  sea-level.  Topographic 
effects  dominate  Landsat  MSS  images  in  areas  of  rugged  ter¬ 
rain.  This  led  to  the  development  of  automatic  methods  for 
geometric  rectification.  These  methods  use  a  DTM  and  the 
known  position  of  the  sun  to  predict  image  features  that  can 
be  reliably  and  accurately  located  (Little,  1982).  Once  an 
image  is  geocoded,  the  next  Btep  was  to  try  to  remove  varia¬ 
tions  in  brightness  due  to  slope  and  aspect  in  order  to  better 
delineate  changes  due  to  ground  cover.  Experimental  work 
consistently  demonstrated  an  additional  dependence  of 
brightness  on  elevation  (Woodham,  1980a).  The  minimum 
recorded  brightness  in  any  band  is  a  decreasing  function  of 
elevation.  The  decrease  is  especially  noticeable  in  the  shorter 
wavelength  bands.  New  methods  to  estimate  path  radiance, 
Lp,  were  based  on  this  observation  (Woodham  and 
Lee,  1985). 

Sky  radiance  also  was  shown  to  be  significant. 
(Woodham,  1980a)  noted  that  bright  targets  (eg.,  snow)  in 
shadow  were  often  brighter  than  dark  targets  (eg.,  conifer 
forest)  in  direct  sunlight.  One  attempt  to  measure  sky  irra¬ 
diance  used  cast  shadow  boundaries  (Woodham  and 
Lee,  1985).  The  location  of  cast  shadow  boundaries  varies 
with  the  position  of  the  sun.  One  can  therefore  assume  that 
the  ground  cover  under  a  cast  shadow  boundary  remains 
locally  constant,  provided  that  one  excludes  cast  shadows 
that  happen  also  to  coincide  with  terrain  breaks.  Further, 
one  can  assume  that  sky  irradiance  and  optical  thickness  also 
are  locally  constant  at  cast  shadow  boundaries.  Estimates 
were  then  obtained  for  r0  ,  Hr  ,  Epo  and  Hs. 

Results,  based  on  cast  shadow  boundaries,  were  not  as 
successful  as  expected.  There  are  several  possible  explana¬ 
tions.  In  hindsight,  points  near  cast  shadow  boundaries  are 
poor  candidates  to  use  to  estimate  overall  sky  irradiance 
because  they  correspond  to  points  for  which  a  significant 
fraction  of  the  sky  is  occluded  by  adjacent  terrain. 

Greater  success  was  achieved  using  snow  as  a  target  of 
known  reflectance  (Woodham  and  Lee,  1985).  Radiometric 
correction  was  demonstrated  using  a  very  low  sun  angle 
(elevation  13.8°)  January  8,  1979,  Landsat  MSS  image  of 
St.  Mary  Lake  with  43%  of  the  study  site  in  shadow. 

Subsequently,  we  acquired  machine  readable  forest  cover 
data  for  the  St.  Mary  Lake  area  from  the  B.C.  Ministry  of 
Forests.  The  forest  cover  map  data  was  used  to  determine 
areas  of  homogeneous  ground  cover.  We  looked  for  forest 
types  that  occurred  over  a  wide  range  of  elevation,  slope  and 
aspect.  For  homogeneity,  we  also  looked  for  uniform  age  and 
height  and,  preferably,  a  closed  canopy.  Unfortunately,  very 


few  natural  vegetation  types  occur  over  a  wide  range  of  topo¬ 
graphic  positions.  After  much  search,  a  target  forest  type 
was  selected  with  the  following  attributes:  Lodgepole  pine 
(>  80%  pure);  80-100  years  old;  10-20  m  high;  and  60-100% 
crown  closure.  Over  the  study  site,  the  target  set  had  the 
following  range  of  topographic  attributes:  elevation  1205- 
2102  m;  incident  solar  angle  i  21.7-78.0  degrees;  and  slope 
angle  s  7.2-35.7  degrees.  The  final  target  set  consisted  of  329 
pixels. 

Multiple  linear  regression  was  applied  to  estimate  the 
parameters  of  Equation  (6).  Of  course,  the  model  equation 
itself  is  not  linear  so  that  some  reformulation  was  required. 
If  the  terms  Tu,  Td,  Es  and  LP  each  are  approximated  by  a 
function  of  the  form  a  z  +  4  then  the  resulting  model  equa¬ 
tion  is  linear  in  the  eight  terms  cos(«),  cos(s),  z,  z  cos(t), 
z  cos(s),  z2,  z2  co6(i)  and  z2  cos(s).  Regression  analysis  for 
the  target  set  showed  that  not  all  eight  terms  were  corre¬ 
lated,  at  the  99%  significance  level,  to  measured  brightness. 
Various  subsets  of  the  eight  terms  were  then  considered 
before  settling  on  a  model  involving  the  four  variables,  cos(i), 
(1  +  cos(s))/2,  z  and  z2.  The  reason  for  expressing  the 
cos($)  term  in  this  way  is  to  retain  the  connection  to  Equa¬ 
tion  (4).  Regression  involving  these  four  variables 
corresponds  to  a  model  in  which  target  radiance  depends  on 
the  cosine  of  the  solar  incident  angle,  the  cosine  of  the  slope 
and  elevation  (true  of  (6)),  but  with  no  coupling  between 
them  (not  true  of  (6)). 

As  expected  from  previous  work,  the  cosine  of  the  solar 
incident  angle  is  the  most  important  variable  for  all  bands, 
followed  by  elevation  z.  The  third  most  important  term  was 
the  cosine  of  the  slope.  Unexpected  to  us,  however,  the 
correlation  with  cos(s)  was  consistently  negative,  once 
corrections  for  cos(t)  and  z  had  been  applied.  One  possible 
explanation  for  this  negative  correlation  is  that  it  arises  as 
an  artifact  of  the  correction  applied  for  cos(t).  (This  could 
happen,  for  example,  if  the  correlation  with  cos(i)  were  high 
but  the  relationship  was  nonlinear).  The  way  to  rule  this 
out  would  be  to  repeat  the  analysis  using  targets  of  constant 
cos(t).  Unfortunately,  there  were  not  enough  data  points  of 
constant  cos(*)  to  yield  a  statistically  significant  conclusion, 
one  way  or  the  other. 

Another  possibility  is  that  treating  skylight  as  a  uniform 
hemispherical  source  is  unrealistic.  In  order  to  test  other 
models  of  sky  radiance,  the  sky  hemisphere  was  uniformly 
tessellated  into  discrete  cells.  A  point  source  was  associated 
with  each  cell,  weighted  according  to  sky  radiance  integrated 
over  the  solid  angle  subtended  by  that  cell.  A  synthetic 
image  then  is  generated  and  summed  with  those  from  all 
other  point  source  locations.  Because  shadow  calculation  is 
included  from  each  point  source  direction,  the  final  sum 
excludes,  at  each  point,  directions  obscured  from  the  sky  by 
adjacent  terrain.  It  was  a  simple  matter  to  replace  the 
(1  +  cos(s))/2  term  in  Equation  (6)  with  one  corresponding 
to  other  analytic  and  measured  models  of  skylight.  When 
this  was  done,  the  negative  correlation  with  skylight  per¬ 
sisted  in  all  cases  tried.  Occlusion  of  the  sky  by  adjacent 
terrain  means  that  the  amount  of  sky  seen  at  each  surface 
element  is  no  longer  a  local  function  of  the  slope  s,  as  is  the 
case  in  (4).  Negative  correlation  with  skylight  can,  in  fact, 
be  interpreted  as  positive  correlation  with  adjacent  terrain. 

A  numerical  model  of  sky  radiance  was  computed,  based 
on  a  uniform  hemispherical  source  but  taking  occlusion  by 


adjacent  terrain  into  account.  The  regression  analysis  was 
repeated  and  the  numerical  model  produced  a  slightly  higher 
coefficient  of  determination  and  a  slightly  lower  standard 
error  in  all  cases  and  for  all  bands.  Radiometric  correction 
was  applied  to  each  Landsat  MSS  band. 

Standard  statistical  tests  were  applied  to  validate  the 
analysis.  Correlation  coefficients  for  the  regression  analysis 
were  computed.  Examination  of  regression  residuals  as  a 
function  of  the  independent  variables  indicated  no  discernible 
trends.  The  results  also  were  examined  for  correlation 
between  the  regression  variables.  (High  correlation  between 
regression  variables  would  make  the  analysis  unstable.) 
There  is  almost  no  correlation  between  cos(i)  and  the  other 
three  variables.  Not  surprisingly,  significant  correlation 
exists  between  cos(s)  and  z  since  the  more  rugged  terrain 
tends  to  occur  at  higher  elevations. 

A  practical  concern  is  whether  this  method  of 
radiometric  correction  improves  the  accuracy  of  standard 
spectral  classification.  A  simple  das', incation  was  performed, 
the  details  of  which  are  reported  in  (Gray,  1986).  A  nearest 
centroid  classifier  was  used  based  on  four  ground  cover 
classes:  forest,  clearcut,  water  and  alpine.  A  truth  map  was 
constructed  from  the  forest  cover  map.  The  classification  of 
the  uncorrected  Landsat  MSS  image  resulted  in  a  map  accu¬ 
racy  of  51%  for  forest  cover.  Examination  of  the  correspond¬ 
ing  confusion  matrix  revealed  deficiencies  typical  of  remote 
sensing  of  forest  cover  in  rugged  terrain.  That  is,  many 
forest  slopes  with  southeast  aspect  were  miss-classified  as 
clearcut  and  many  forest  slopes  with  northwest  aspect  were 
miss-classified  as  water.  The  classification  of  the  corrected 
Landsat  MSS  image  resulted  in  a  map  accuracy  of  80%  for 
forest  cover.  Correction  for  cos(t)  achieved  the  greatest 
increase  in  classification  accuracy.  Elevation  correction,  in 
addition,  decreased  the  miss-classification  of  forest  as  water. 
Correction  for  skylight,  while  statistically  significant  in  the 
regression,  had  little  effect  on  the  final  classification. 

Discussion 

My  research  strategy  has  been  to  insist  that  parameters 
determining  image  irradiance  be  related  directly  to  physical 
models.  Idealized  physical  models  correctly  characterize  sim¬ 
ple  worlds  and  can  be  elaborated  as  the  need  is  demon¬ 
strated.  Curiously,  there  has  been  strong  debate  in  the 
remote  sensing  literature  concerning  the  assumption  of 
Lambertian  reflectance.  Usually,  the  debate  concerns 
whether  or  not  Equation  (3)  provides  a  good  fit  to  the  data. 
Any  image  irradiance  equation  necessarily  encodes  assump¬ 
tions  both  about  the  BRDF  of  the  surface  material  ana 
about  the  distribution  of  the  light  sources.  My  work  with 
St.  Mary  Lake  indicates  that  models  that  consider  only 
direct  solar  illumination  are  inadequate,  regardless  of  the 
assumption  made  about  the  target  BRDF.  Sky  radiance 
must  be  dealt  with  explicitly.  The  relative  amount  of  direct 
solar  illumination  and  diffuse  sky  illumination  varies  with 
slope  and  aspect.  The  spectra!  distribution  also  noticeably 
varies  because  skylight  is  stronger  in  the  shorter  wavelengths 
than  is  direct  sunlight.  In  areas  of  rugged  terrain,  adjacent 
terrain  makes  a  small,  but  nevertheless  significant,  contribu¬ 
tion. 

The  development  of  additional  test  sites  is  essential  for 
further  work  on  radiometric  correction.  Comparison  of  phy¬ 
sical  models  would  benefit  from  in  situ  measurement  of 
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atmospheric  transmission  and  sky  radiance  at  the  time  of 
satellite  overflight. 

The  development  and  availability  of  appropriate 
software  and  hardware  tools  for  image  synthesis  has  been 
invaluable  to  our  work.  Visuai  comparison  of  a  synthetic 
image  and  the  corresponding  real  image  often  conveys  a 
strong  sense  of  the  adequacy  and  robustness  of  the  model 
being  tested.  One  can  look  at  the  radiometric  correction  to 
see  if  shadows  are  removed,  if  known  homogeneous  areas 
appear  homogeneous  independent  of  slope  and  aspect  and  if 
atmospheric  corrections  are  appropriate  over  the  full  range  of 
elevations  that  occur  in  the  scene.  Local  anomalies  in 
methods  that  otherwise  have  good  global  performance 
become  readily  apparent.  In  my  view,  the  local  anomalies 
often  provide  the  greatest  insight. 

Of  course,  formal  evaluation  criteria  also  need  to  be 
developed.  The  only  obvious  criterion  is  that  the  estimated 
bidirectional  reflectance  factor  for  Lambertian  surfaces  must 
lie  between  zero  and  one.  The  methods  described  generally 
achieve  this  except  along  seams  of  slight  shadow  miss- 
registration  or  along  sharp  ridges  that  have  been  smoothed 
in  the  DTM.  Another  possible  criterion  would  be  con¬ 
sistency  in  the  estimated  reflectance  factor  over  time.  Unfor¬ 
tunately,  reflectance  depends  on  many  factors,  including 
some  like  surface  moisture  that  vary  rapidly  over  the  time 
period  between  successive  Landsat  overflights.  It  would  be 
useful  to  test  these  methods  on  images  acquired  at  different 
times  on  the  same  day. 

Radiometric  correction  becomes  increasingly  important 
when  dealing  with  images  acquired  from  different  sensors,  at 
different  times  of  day,  and  with  both  nadir  and  oblique  view¬ 
ing  capability.  Radiometric  correction  requires  that  the  local 
incident  and  reflected  beam  geometry  be  known.  It  is  there¬ 
fore  important  that  this  local  information  be  retained  in 
geometric  rectification. 

On  the  other  hand,  it  can  be  advantageous  to  obtain 
multiple  images  of  a  given  scene  under  the  same  geometry 
but  with  differing  conditions  of  illumination.  This  idea  has 
been  exploited  in  robot  vision  (Woodham  1980b) 
(Horn  and  Ikeuchi  1984).  Different  conditions  of  illumination 
provides  additional  constraint  to  help  to  separate  the  effects 
of  topography  from  those  of  ground  cover. 

I  conclude  this  discussion  with  an  anecdote  concerning 
one  of  my  first  Ph.D.  students.  During  our  regularly 
scheduled  research  meetings,  he  often  would  say,  "You  know 
the  problem  we  discussed  last  week?  Well,  it’s  a  lot  more 
difficult  than  we  thought”.  What  was  unique  in  his  case  was 
that  he  would  be  saying  this  with  great  enthusiasm.  Invari¬ 
ably,  he  would  be  full  of  new  ideas  and  new  experiments  to 
try.  In  short,  he  was  ready  for  the  challenge.  It  is  in  the 
same  spirit  that  I  now  say  to  you,  "You  know  the  problem 
we’ve  been  working  on  for  the  last  ten  years?  Well,  it’s  a  lot 
more  difficult  than  we  thought.”. 
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IDENTIFICATION  -  THE  GOAL  BEYOND  DISCRIMINATION 
The  status  of  mineral  and  lithological  Identification  from  high  resolution  spectrometer 

data:  Examples  and  challenges 


J.F. Huntington,  A. A. Green  and  H.D. Craig 


CSiRO  Division  of  Exploration  Geoscience,  North  Ryde,  Australia 


BACKGROUND 


A  major  task  of  the  average  practising  geologist, 
whether  in  a  government  mapping  agency  or  an  explorat¬ 
ion  company,  is  the  identification  of  primary  earth 
materials  (rocks  and  minerals)  and  their  secondary 
weathering  products  (the  regolith),  primarily  from 
their  ralneraloglcal  and  chemical  composition.  The 
three-dimensional  disposition  of  these  materials  is 
also  of  major  importance. 

For  decades  geologists  have  successfully  used 
remotely  sensed  images,  including  aerial  photographs, 
to  assist  them  in  this  process.  This  remote  sensing 
contribution  has  been  based  on  two  qualitative  aspects 
of  photogeology,  namely  "discrimination"  of  image 
differences  (using  the  normal  criteria  of  tone, 
colour,  texture,  shape,  context,  drainage,  resistance, 
etc.)  and  "interpretation"  which  is  an  experience- 
dependent  process  of  identification  based  upon 
Inference,  deduction  and,  hopefully,  field  checking 
and  iterative  refinement. 


There  "ow  ample  evidence  to  show  that  this 
interpretation  process  ca~  and  should  be  refined  much 
further  by  making  use  of  information  about  physical 
properties  Inherent  in  the  latest  high  resolution, 
remotely  sensed  data  sets  that  allows  a  much  more 
rigorous  "identification"  of  earth  surface  materials. 


Improved  identification,  using  the  quantifiable, 
wavelength  dependence  of  spectral  reflectance  of 
geological  materials  obtained  by  the  latest  high 
spectral  resolution  scanners,  provides  the  possibility 
of  a  new  generation  of  geological  maps.  In  certain 
environments  these  quite  new  or  revised  maps  will  have 
an  increased  mlneraloglcal  emphasis,  will  be  more 
reliable  in  their  lateral  continuity,  will  require 
less  field-checking,  and  thus  may  be  produced  more 
cheaply  and  efficiently  chan  existing  maps  made  only 
by  traditional  means.  From  more  reliable,  up-to-date 
and  useable  geological  maps  can  flow  numerous  cost 
savings  in  exploration  such  as  the  placement  of 

areas.  He  are  in  no  way  advocating  machines  taking 
over  from  field  geologists,  but  rather  helping  them  be 
more  cost  effective  in  their  daily  tasks. 


The  production  of  data  with  a  greater  physical 
and  hence  geological  basis  should  also  serve  Co 
increase  the  acceptance  of  remote  sensing  as  a 
reliable  geosclentiflc  tool  amongst  the  many 
geologists  who  still  regard  the  subject  as  an 
interesting,  but  uneconomic,  fringe  discipline. 


SPECTRAL  REFLECTANCE:  THE  PHYSICAL  BASIS 
FOR  MINERAL  MAPPING 

The  last  fifteen  years  have  seen  the  establish¬ 
ment  of  many  libraries  of  spectral  reflectance 
characteristics  of  geological  materials  at  visible, 
near-infrared  (VNIR),  shortwave-infrared  (SWIR)  and 
mid-infrared  (MIR)  wavelengths  (Hunt  and  Salisbury, 
1970-1976;  Salisbury  et  al.,  1987).  From  such  data  it 
is  possible  to  identify  minerals  using  the  character¬ 
istic  patterns  of  absorption,  reflection  or  emission 
due  to  charge  transfer  and  electronic  transitions  in 
the  transition  elements  (Fig.l),  overtone  bending¬ 
stretching  vibrations  in  hydroxyl  (Fig. 2)  and 
carbonate-bearing  materials  and  fundamental  Si-0 
vibrations  in  silicate  materials  (Fig. 3).  Not  all 
minerals  can  be  identified  by  these  means.  Table  1 
summarizes  the  major  groups  for  which  identification 
is  nossihlo. 
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Figure  1.  Reflectance  spectra  of  the  major  Iron  oxide 
minerals  in  the  VNIR  portion  of  the  electromagnetic 
spectra* 
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Figure  2.  Reflectance  spectra  of  selected  OH-bearlng 
minerals  In  the  VNIR  and  SHIR  portion  of  the 
electromagnetic  spectrum. 
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Figure  3.  Reflectance  spectra  of  selected  silicates  In 
the  MIR  portion  of  the  electromagnetic  spectrum. 


TABLE  1  -  WAVELENGTH  AND  M1NERA LOGICAL 
SIGNIFICANCE 


RECXON  WAVELENGTH  (im)  MAJOR  MINERALS  SENSED 


VNIR 

0.40-1.20 

0.50-0,80 

Transition  elements,  Ft,  Hn  6  Nl  oxide* 
Haematite,  goethlte,  lepldocroalta 

REE-bearing  mineral! 

Vegetation 

1.30-2.50 

Hydroxide*,  carbonates,  &  sulphates  generally 

1.47-1.82 

Sulphatea  -  Aluntte 

1.47-1.76 

Sulphatea  -  Jaroslte 

2.16-2,24 

A1-0H  atneral*  -  Muicovite,kaollnlte 
-  Dicklte.pyrophylllte 

SHIR 

-  Smectites, illlte 

2.24-2,26 

Sl-OH  ninerala  -  Opaline  alllca 

2.24-2.30 

Fe-OH  mineral!  -  Jaroalte,h«ctorite,aaponlte 

2.30-2,40 

Kg -OH  mineral!  -  Chlorlte,talc,epidote 
-  Amphlbolt 

2.32-2.35 

Carbonates  -  Calclte, dolomite, aagnesitt 

-  Slderlte 

MIR 

8,00-14,0 

Silicates  -  Quartz, feldspars, pyroxenes 

-  Oltvlnei 

The  characteristics  that  permit  Identification  of 
spectra  are  associations  of  wavelengths  of  absorption 
or  emission,  absorption  depth  and  absorption  width  at 
a  certain  depth.  These  criteria  have  been  used 
sucessfully  In  expert  systems  for  automatic  mineral 
Identification  from  reflectance  spectra  (Lister  et 
al.,  1987;  Horsfall  et  al.,  1987;  All  et  al.,  1989) 
for  use  In  field-portable  spectrometers  now  under 
development  or  already  on  the  market. 

Although  remote  sensing  Instruments  are  as  yet 
unable  to  measure  reflectance  directly,  present  models 
of  reflectance  (Green  and  Huntington,  1987)  and  modern 
pre-processing  methods  are  getting  closer  to 
"calibrating"  and  "transforming"  remotely  acquired 
radiance  measurements  (that  contain  atmospheric  and 
surface  illumination  effects  as  well  as  the  all 
important  mineral  specific  signals)  so  that  they  can 
be  Identified  by  the  same  basic  mineral  and  vegetation 
reflectance  criteria  that  are  used  in  the  laboratory. 
Various  methods  are  available  for  <this  purpose.  He 
have  used  the  Least  Upper  Bound,  Hull  Quotient  and  Log 
Residual  techniques  quite  effectively  (Green  and 
Craig,  1985),  primarily  on  the  grounds  that  whatever 
method  is  used  can  only  be  useful  operationally  If  the 
"calibration"  comes  from  the  data  Itself  or  from  the 
Instrument.  Dependence  on  ground-acquired  Information 
is  not  in  our  belief  a  practical  operational  solution. 
A  comparison  of  several  calibration  methods  Is  given 
by  Roberts  et  al.  (1985). 

Our  methods  are  by  no  means  perfect  and  the 
fundamental  problems  they  address,  that  of  calibration 
of  the  physical  attributes  of  reflectance,  plus  the 
additional  problem  of  mixed  pixels  (most  severe  In 
cases  of  vegetation/mineral  mixing)  are  being 
addressed  by  other  keynote  speakers  at  this 
conference.  A  third  problem  in  this  whole  field  Is 
the  paucity  of  suitable  sensor  systems  around  the 
world,  not  just  for  research  but  more  Importantly  for 
operational  applications. 

MINERAL  MAPPING  SPECIFICATIONS 

To  achieve  mlneraloglcal  identification  of 
surface  materials  we  must  clearly  and  realistically 
understand  the  necessary  Instrument  specifications,  In 
terms  of  spatial  and  spectral  resolution,  radiometric 
sensitivity  and  data  handling,  that  must  be  met  If  the 
product  Is  to  provide  the  real  geological  benefits 
sought. 
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Current  geological  experience  suggests  that  In 
the  visible  and  near-infrared  between  15  and  20,  40-30 
nm  bands  are  adequate  for  transition  element  detection 
and  for  separating  geological  responses  from  those  of 
dry  and  green  vegetation.  This  Is  In  fact  less  than 
most  current  spectrometers  provide.  Higher  resol¬ 
utions  are  likely  to  be  required  for  vegetation 
studies  or  detection  of  some  specific  materials  such 
as  rare  earth  element  bearing  minerals.  tn  the 
shortwave  Infrared  about  64,  8  nra  bands  are  required 
between  2.0  and  2.5  pm.  The  region  between  1.0  «nd 
2.0  pm,  ignored  by  many  people  because  it  encompasses 
several  atmospheric  absorption  windows,  also  needs  to 
be  sampled  with  about  16,  50  nra  bands.  This  is  a 
important  region  as  It  can  assist  In  both  mineral  and 
vegetation  Identification  and  un-mixlng  at  other 
wavelengths.  The  highest  number  of  bands  operating 
over  the  three  regions  at  present  Is  220  provided  by 
the  AVIRIS  (Porter  and  Enmark  1987). 

There  are  no  operational  mineral-mapping 
spectrometers  yet  operating  in  the  mld-lnfrared  (this 
Division  Is  currently  testing  a  100  channel,  C02  laser 
spectrometer  for  this  region)  and  It  Is  too  early  to 
suggest  specifications  for  this  region  until  more 
laboratory  studies  have  been  completed  (Salisbury  et 
al.,  1987)  and  until  we  better  understand  the  effects 
of  surface  coatings  on  mineral  detection.  Current  work 
is  limited  to  Interesting  results  coming  from  the  six 
band  TIMS  scanner  from  youthful,  well  exposed 
terrains. 

The  critical  point,  however,  is  not  just  the 
number  and  position  of  bands  but  their  radiometric 
sensitivity.  Because  of  the  very  high  interband 
correlation  that  results  from  many  closely  spaced 
bands,  and  the  processing  steps  Involved  in  trans¬ 
forming  radiance  to  reflectance-like  spectra,  there 
must  be  no  compromise  with  respect  to  sensitivity  and 
precision.  Airborne  mineral  mapping  in  the  early 
1980's  with  the  GER  Inc.  profiling  spectrometer 
suggested  that  h'EAp  of  0.1  7.  were  necessary  and 
achievable,  particularly  In  mixed  pixel  and  weathered 
environments.  There  Is  little  value  in  Increasing  the 
current  number  of  bands  provided  unless  there  Is  a 
concomitant  increase  in  sensitivity,  and  Indeed  some 
would  suggest  we  already  have  too  many  bands  for  the 
sensitivities  currently  available. 

Another  point  about  the  treatment  of  these  data 
Is  that  although  we  have  and  need  sensors  with  very 
large  numbers  of  bands  and  hence  an  apparent  data 
processing  headache,  our  methods  of  analysis  suggest 
that  we  do  not  need  to  process  or  keep  all  the  data 
and  that  substantial  reductions  can  be  made  by 
physically-based,  feature  extraction  algorithms. 

A  case  also  exists  for  digital  stereoscopic 
mapping  to  be  incorporated  into  future  mineral  mapping 
systems  to  provide  the  all  important  landform/ 
structural  context  of  the  mineral  determinations. 

Having  said  all  this  we  are  still  not  sure  what 
the  natural  limitations  of  spectral  contrasts  are  In 
the  natural  environment.  Greatly  airborne  spectra 
measured  from  other  than  perfectly  exposed  terrains 
suggest  that  airborne  spectra  are  broader  and  nolser 
than  their  laboratory  counterparts.  The  noise  is  a 
function  of  instrument  sensitivity  and  can  be  improved 
with  appropriate  effort.  The  simplicity  and  broadness 
of  airborne  spectra  probably  reflects  the  effects  of 
surface  material  mixing.  We  do  not  think  that  we  have 
yet  reached  any  limit  Imposed  by  the  natural  terrain 
but  many  more  studies  need  to  be  carried  out  in  loss 


perfectly  exposed  terrains  so  that  we  can  better 
understand  the  effects  of  mixing  and  the  realistic 
specifications  that  are  worth  seeking. 

Todays  tools  of  Identification  are  a  few  multi¬ 
band  scanners  and  profiling  and  imaging  spectrometers 
with  a  large  number  (24-576)  of  very  sensitive 
spectral  bands,  supported  by  appropriate  deterministic 
software  tools.  Such  Instruments  Include  the  AIS, 
AVIRIS,  GER-64,  and  Geoscan  II  sensors.  At  present 
only  one  of  these  can  be  said  to  even  approach  an 
operational  mineral-specific  mapping  tool. 

EXAMPLES  OF  MINERAL  IDENTIFICATION 


Since  about  1980  an  increasing  number  of 
successful  cases  of  remote  mineral  mapping  have  been 
conducted  by  the  US  and  Australian  research  commun¬ 
ities.  At  the  same  time  the  methods  required  to 
achieve  success  are  slowly  becoming  better  understood 
and  more  accepted,  albeit  still  primarily  amongst  the 
research  community. 

In  1982  and  1983  KcKeon  and  Marsh  and  Marsh  and 
McKeon  respectively  reported  on  a  survey  flown  in 
December  1980  with  the  GER  576-channel  profiling 
spectrometer  that  provided  Identification  cf  alunlte, 
llllte  (mica)  and  chlorite  mineralogy  along  airborne 
traverses  at  Oatman  in  Arizona.  Podwysockl  et  al. 
(1982)  reported  on  a  similar  survey  in  which  they  were 
able  to  identify  montmorlllonite,  kaollnite  and 
alunlte  in  an  argilllc  alteration  system  at  Marysvale, 
Utah.  In  1984,  Rowan  et  al.  flew  the  same  Instrument 
over  the  rare-earth  bearing  Mountain  Pass  Carbonatlte 
in  California  and  reported  picking  up  the  very  narrow 
(2-3  11m  wide)  but  characteristic  absorptions  of 
neodymium  over  the  mine  and  some  undisturbed  areas  of 
carbonatlte. 

In  1983,  using  the  same  GER  instrument  and  a  20  m 
pixel,  we  demonstrated  the  identification  of  carbon¬ 
ates,  hornblende,  epldote,  and  Ca  and  Fe-bearlng 
smectites  at  Mary  Kathleen  in  Queensland  (Huntington, 
1984),  talc  carbonates  and  chlorites  at  Kambalda  in 
ultranaflc  terrains  in  Western  Australia  (Cabell, 
1986),  sericitlc  alteration  in  a  porphyry  system  in 
Queensland  (Gabell,  1986)  and  sericitlc  siltstones  and 
cpldotlscd  basalts  at  Mt  Isa,  also  in  Queensland 
(Horsfall,  pers.comm.). 

Whilst  these  were  important  research  results,  In 
recent  years  this  one-dimensional  mineral  mapping  has 
been  expanded  with  two-dimensional  imaging  systems 
such  as  the  MEIS-1I,  AIS,  AVIRIS,  GER-64  and  Geoscan 
Mark  II  capable  of  Imaging  up  to  512  or  more  pixels  of 
ii'age  width.  These  imaging  systems  have  truly  brought 
about  the  possibility  of  wide-area  mapping  of 
minerals. 


Using  data  from  these  new  spectrometers  and  new 
analysis  methods  one  can  pursue  a  hierarchical 
strategy  that  first  "identifies"  major  felsic,  mafic 
and  ultramafic  lithological  groups  based  on  "generic" 
mineraloglcal  constituents  such  as:  Fe2(>3,  A1-0H,  Fe- 


OH,  CO3 ,  a  Hu  VariOUS  SlllCSCCS 

then,  where  possible,  seeks  "identification"  of 
particular  mineral  species.  This  strategy  has  already 
yielded  new,  previously  un-mapped,  geological  and 
exploration  Information  ready  for  Integration  with 
other  geological  knowledge. 


In  1984,  using  the  Canadian  MEIS-II  scanner 
fitted  with  40  nm  wide,  custom-built  filters  centred 
over  the  crystal  field  absorption  of  Iron  oxides 


between  747  and  986  nm  (Fig.  1),  we  were  able  to 
produce  absorption-wavelength  and  absorption-width 
Inages  that  specifically  identified  and  napped  the 
distribution  of  haematite  and  goethlte  over  gossans, 
laterltes  and  iron  formations  in  various  parts  of 
Australia  (Fraser  et  al.,  1985). 

Flying  the  GER  Inc  64-band  scanner  (Fig.  4)  in 
Australia  in  1987  Illustrated  that  broad-scale 
lithological  Identification  could  be  achieved  In 
sedlnentary  and  greenstone  belts.  For  example,  rock- 
types  such  as  sandstones,  basalts,  felsic  volcanlcs, 
peridotltes,  granites  and  talc-carbonates  could  be 
assigned  to  their  correct  felsic,  mafic,  ultramaflc 
class  from  their  generic  mineral  absorption  character¬ 
istics.  Further  specific  rock-forming  and  alteration 
minerals  were  also  Identified  using  the  specific 
shapes  of  the  absorption  features  mapped  by  this 
scanner.  In  particular  a  previously  unrecorded  zone 
of  pyrophyllite  alteration  in  a  sericltlc  sandstone 
was  Identified,  field  checked  and  confirmed. 


GER  -  64  BAND  SCANNER  -  SPECTRAL  BANDS  AS  O  AUG  '88 
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Figure  4.  Gl'R  64-band  scanner  spectral  band 
configuration  as  at  August  1988  with  superimposed 
dickite  spectrum  for  wavelength  comparison. 


Figure  6.  GER  SHIR  band  16  (2.22  pm)  log  residual 
Image  indicating  absorptions  due  to  A1-0H  clays, 
Including  sericlte,  smectite  and  kaollnite.  Absorption 
In  the  wide  2.166  alunlte  band  also  influences  this 
band.  Specific  mineral  identification  uses  other  band 
responses  not  shown  on  this  figure. 


Figure  7.  GER  SHIR  band  25  (2.35  um)  log  residual 
image  indicating  in  black  areas  of  Mg-OH  absorption 
coupled  with  some  secondary  absorptions  from  alunlte 
and  sericlte. 


Figure  5.  GER  SHIR  Band  12  (2.166  pm)  log  residual 
image  from  Oatman  Arizona.  Black  responses  Indicate 
terrain  with  2.166  absorptions  due  to  the  presence  of 
alunlte  alteration. 


At  Oatman  in  Arizona  full  two-dimensional 
alteration  mineral  identification  has  also  been 
achieved  with  this  same  64-band  scanner  (Huntington  et 
al.,  1988).  Hhlle  we  cannot  adequately  illustrate  all 
fhfl  In  fhf?  Haj,  S,  6  2nd  7  3hO°  just 
three  mineral  specific  bands  from  the  32  bands  avail¬ 
able  in  the  2.0  to  2.5  pm  region.  These  figures  map 
the  Intensity  of  absorption  at  2.166  pm  indicative  of 
alunlte  (Fig. 5),  2.22  pm  indicative  of  sericlte 
(Fig. 6)  and  2.35  pm  indicative  of  chlorite  (Fig. 7). 
Note  that  these  identifications  are  not  made  from 
these  single  bands  but  from  the  wavelength,  depth, 
width  and  shape  characteristics  of  each  spectrum  for 
each  pixel.  Examples  of  some  type  mineral  spectra 
extracted  from  the  32  band  Oatman  data  set  are  shown 
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Figure  8.  Type  mineral  spectra  extracted  from  GER  32 
band  SWIR  image  data  from  Oatman,  Arizona. 

in  Fig. 8  and  Fig. 9  shows  A1-0H  spectra  from  21 
adjacent  pixels  from  a  sericltic/smectitlc  tuff 
horizon. 

Armed,  in  advance,  with  such  data,  «e  believe  the 
exploration  geologist  should  be  able  to  function  with 
greater  reliability  and  efficiency.  Where  primary 
mineralogy  is  obscured  or  replaced  by  secondary 
weathering  products  (as  in  some  parts  of  Australia), 
the  task  is  more  difficult  but  research  is  showing 
that  here  also  mineral  mapping  can  make  a  contribution 
to  geosclentlfic  knowledge,  for  example  evidence  that 
some  specific  weathering  minerals,  say  Pe-Mg  bearing 
clays,  can  tell  us  about  the  original  primary 
mineralogy. 

Given  adequate  spectral  and  radiometric 
resolution  the  steps  Involved  in  identification  from 
these  types  of  high  resolution  data  Include 
"calibration"  to  reflectance-like  spectra,  feature 
coding  of  patterns  of  absorption  wavelengths,  depths 
and  widths  for  each  image  pixel  (Table  2)  and  some 
form  of  classification  of  these  features  against  known 
spectral  features  and  feature  mixtures.  Finally  these 
identifications  must  be  viewed  in  Che  landscape 
context  in  which  they  occur  since  the  processing  steps 
involved  in  identification  so  often  remove  or  suppress 
the  spatial  and  geomorphologlcal  Information. 

The  significance  of  adequate  radiometric  sensiti¬ 
vity  ana  precision  is  amply  illustrated  by  these  data. 


After  the  necessary  processes  of  de-correlation  and 
reflectance  transformation  have  been  applied  to  the 
12-blt  raw  data,  the  residual  spectra  fit  almost 
exactly  into  a  256,  8-blt  range,  suitable  for  direct 
image  display. 

am  ni(  kshul  kctm- cum  sums  ei-wi 


Figure  9.  Twenty-one  SWIR  residual  spectra  from 
adjacent  image  pixels  crossing  an  alunlte/serlcite 
mineral  boundary  from  an  argllllc  alteration  zone  at 
Oatman,  Arizona.  The  upper  11  spectra  are  primarily 
serlcitic,  the  lower  10  with  minima  at  a  short 
wavelength  are  of  alunite  and  alunlte/serlcite 
mixtures.  Channel  12  approximates  2.166  um,  16 
approximates  2.22  pm,  25  approximates  2.35  pm. 

TABLE  2.  EXAMP  IS  OF  SPECTRAL  FEATURE  EXTRACTION 
FOR  THE  JAROSITB  SPECTRUM  SHOWN  IN  FIGURE  2 


FEATURE 

WAVELENGTH  <na) 

RELATIVE 

DEPTH 

QUOTIENT 

DEPTH 

FEATURE 

BE  PTH 

WIDTH  IH 
CHANNELS 

433 

0.784 

0.373 

0.373 

43*3 

s« 

0.8)4 

0.396 

0.161 

64.8 

855 

0*957 

0.43) 

0.052 

26.3 

932 

1.000 

0.475 

0.475 

218.5 

991 

0,937 

0.445 

0.034 

37.3 

1474 

0.399 

0.190 

0,167 

20.8 

1842 

0,424 

0,202 

0.199 

27,8 

2226 

0.718 

0.341 

0.341 

36.1 

2409 

0.294 

0.139 

0.139 

38,7 

2460 

0.234 

0.111 

0.086 

18.9 

CONCLUSIONS  AND  RECOMMENDATIONS 


In  conclusion,  therefore,  it  has  been  demonstr¬ 
ated  that  the  following  specific  minerals  have  been 
"Identified"  and  mapped  (along  with  their  host 
lithologies)  from  various  airborne  spectrometers  even, 
in  some  cases,  in  the  presence  of  up  to  40  % 
vegetation  cover: 


Kaollnlte 

Serlcite 

Alunite 

Buddlngtonite 

Goethite 


Chlorite 

Pyrophyllite 

Jarosite 

Haematite 

Talc 
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Various  smectites 

Anphlboles 

Quartz 

REE-contalnlng  minerals 


Epldote 

Fe/Mg  clays  after  garnet 

Carbonates 

Illltc 


Clearly,  apart  from  helping  to  make  more 
Informative  geological  maps  that  portray  lithological 
constituents  much  better  and  more  uniformly  across  the 
country  (rather  than  just  named  formations  that  tell 
one  nothing  about  their  composition),  this  approach  to 
remote  sensing  allows  us  to  target  certain  specific 
assemblages  of  (alteration)  minerals  associated  with 
mineral  and  petroleum  deposits  as  a  focus  for 
exploration  and  can  help  us  to  understand  the 
weathering  of  primary  minerals. 


Despite  one  and  a  half  to  two  decades  of  mineral 
reflectance  knowledge  and  nine  years  of  mineral 
mapping  demonstrations  It  Is  extremely  lamentable  that 
so  little  Is  being  done  In  this  field,  that  so  few 
operational  systems  exist  and  that  so  many  practising 
geologists,  companies  and  governments  arc  so  unaware 
of  the  potential  advantages  and  cost  savings  that 
could  accrue  from  an  Increased  and  optimal  use  of  and 
research  towards  physical ly-based  remote  sensing. 

The  future  of  these  developments,  at  least  for 
the  next  five  years,  needs  to  be  focused  on 
operational,  airborne  tools  for  exploration  and 
mapping,  built  for  and  operated  by  private  enterprise 
who  can  and  should  be  making  immediate  use  of  the 
results  produced.  Much  of  the  onus  Is  on  private 
Industry  to  "come  up  to  speed"  and  to  be  defining  what 
they  want  of  remote  sensing,  rather  than  leaving  It  to 
government  agencies  who,  understandably,  are  workln , 
to  different  agendas.  Mineral  mapping  Is  possible  but 
requires  a  stronger  commitment  and  better  collab¬ 
oration,  than  currently  exists  between  the  technol¬ 
ogical  investment  Industry,  the  geological  user 
Industry  and  the  research  community. 
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Abstract 

Synthetic  aperture  radar  (SAR),  based  on  wavelengths  of 
several  to  many  centimetres,  have  inherent  properties  that  both 
limit  and  extend  quantitative  sensor  performance  when  compared 
to  optical  systems.  Against  this  background,  quantitative  SAR 
remote  sensing  is  explored  at  three  levels:  system;  setting;  and 
significance.  Notable  technical  and  quantitative  results  have  been 
obtained  at  the  first  two  levels.  The  third  level,  however,  demands 
more  than  technical  achievement.  To  this  end,  an  opportunity  is 
outlined  for  a  Canadian  initiative  that  would  result  in  significant 
consequences  derived  from  quantitative  SAR  remote  sensing. 

Introduction 

At  Arecibo,  Puerto  Rico,  there  is  a  famous  radio  and 
radar  astronomical  antenna  which  is  one  third  of  a  kilometre 
in  diameter.  The  diffraction  limited  angular  acuity  of  that 
antenna  is  about  the  same  as  that  of  the  human  eye,  which 
works  best,  of  course,  at  optical  wavelengths.  To  most  people, 
the  huge  disparity  between  optical  and  microwave  wavelengths, 
illustrated  by  the  eye/ Arecibo  contrast,  sets  radars  apart  from 
other  remote  sensing  systems.  In  partial  consequence,  there  are 
those  who  secretly  believe  that  the  capacity  for  quantitative 
remote  sensing  by  radar  suffers  in  proportion  to  its  wavelength. 

The  perception  is  particularly  seductive  with  Synthetic 
Aperture  Radar  (SAR),  for  which  technologists  have  gone  to 
great  lengths  (about  16  kilometres  for  the  SAR  on  Seasat, 
figuratively  speaking!)  to  synthesize  large  apertures.  A  large 
aperture  is  desirable  because  diffraction  limited  resolution  is 
proportional  to  wavelength  and  inversely  proportional  to 
aperture  size,  whether  that  of  the  actual  antenna  or  emulated 
in  computer  memory  as  for  SAR.  Aperture  synthesis  is  techno¬ 
logy  intensive,  and  has  been  perceived  as  the  principal 
quantitative  achievement  of  remote  sensing  SAR  systems  during 
the  past  three  decades. 

It  data  corresponding  to  the  full  aperture  is  integrated 
by  a  SAR  processor  for  finest  resolution,  the  resulting  image 
is  corrupted  by  a  noise  known  as  "speckle”.  Speckle  is  a  natural 
consequence  of  all  coherent  imaging  systems,  and  may  be  seen 
in  laser  images  and  holograms  as  well  as  radar  data.  In  SAR, 
however,  speckle  seems  more  of  a  nuisance  than  in  optical 
images.  It  is  characterized  by  a  standard  deviation  that  is  as 
large  as  its  average  value,  and  its  spatial  correlation  matches 
the  system  resolution.  When  viewed,  the  image  seems  domina¬ 
ted  by  multiplicative  noise.  In  fact,  for  such  an  image,  the  most 


likely  observed  reflected  power  at  any  point  in  the  image  is 
zero,  and  the  Fourier  transform  of  the  image  generally  carries 
more  information  about  the  sensor  than  about  the  scene!  In 
themselves,  these  are  not  desirable  properties  of  an  earth 
observation  remote  sensing  system.  In  partial  consequence, 
there  are  those  who  secretly  believe  that  the  capacity  for 
quantitative  remote  sensing  by  SAR  suffers  because  of  speckle. 

Consideration  of  quantitative  aspects  of  SAR  earth 
observation  is  enlightening  when  set  against  a  background  of 
the  apparent  wavelength  and  speckle  disadvantages  so 
characteristic  of  such  systems. 

Objectives 

The  first  objective  of  this  paper  is  to  examine  the 
measurement  potential  of  a  SAR  system.  It  is  ironic  that  the 
most  exciting  results  of  recent  years  depend  on  both  radar 
wavelength  and  speckle  to  achieve  notable  quantitative 
observations  unique  to  SAR. 

The  second  objective  is  to  explore  aspects  of  the  utility 
of  SAR.  Even  if  "quantitative"  in  theory  and  in  a  laboratory 
environment,  remote  sensing  data  must  be  transformed  into 
information  and  put  to  work  in  a  real  setting  for  it  to  be  useful. 

The  third  objective  of  this  paper  is  to  extend  the  concept 
of  "quantitative"  to  embrace  consequences.  This  idea  is 
considered  under  the  heading  of  significance. 

Finally,  an  opportunity  is  described  for  the  remote 
sensing  and  related  communities  to  address  a  substantive  issue 
of  global  importance  based  on  quantitative  SAR  observations. 

Background 

The  history  of  SAR  since  it  was  first  conceived  by  Carl 
Wiley  in  1951  is  shaped  by  several  watershed  events.  Seasat, 
which  operated  from  4  July  to  10  October,  1978,  marked  the 
beginning  of  a  remarkable  decade  of  increasing  interest  in  and 
capability  of  SAR  systems.  The  key  innovation  iu  1978  was  the 
advent  of  digital  SAR  processing,  as  opposed  to  optical 
processing  which  had  been  the  standard  until  then.  In  almost  all 
regards,  optical  processing,  being  analog,  is  not  capable  of 
providing  the  stability,  control,  and  repetivity  of  digital 
processing  upon  which  most  results  in  quantitative  observations 
by  SAR  depend. 

Experiments  based  on  the  two  Shuttle  Imaging  Radar 
flights  (November,  1981  and  October,  1984),  and  on  aircraft 
SAR  systems  (JPL,  CCRS,  Intera,  etc.)  continue  to  extend  the 
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technical  and  programmatic  domain  of  SAJR.  There  are  two 
additional  Shuttle  radar  flights  planned  (1992-3),  and  airborne 
SARs  are  increasing  in  number  and  sophistication.  Three  earth 
resource  SAR  satellites  are  planned  to  be  launched  starting  in 
1990. 

System 

Quantitative  SAR  performance  starts  with  the  system.  A 
SAR  system  includes  the  usual  radar  hardware  (transmitter, 
receiver,  and  antenna),  the  processor  ne  ded  to  form  an  image 
from  the  ensemble  of  signals,  the  interaction  of  the  microwaves 
with  the  reflecting  surface,  and  post-processors  used  for  image 
manipulation.  These  elements  are  set  against  a  conceptual 
theoretical  framework,  an  essential  part  of  a  SAR  "system" 
taken  in  the  larger  sense. 

There  are  three  aspects  to  quantitative  SAR  system 
performance:  geometric;  radiometric;  and  interferometric. 

Geometric  performance  of  a  SAR  conceptually  is  vety 
different  from  that  of  nearly  all  other  sensing  systems.  Unlike 
optical  systems,  for  example,  in  which  object  position  is 
determined  by  angular  measures  with  respect  to  the  frame  of 
reference  of  the  instrument,  SAR  image  geometry  depends  on 
i)  range  delay,  a  function  of  the  speed  of  light,  a  known 
quantity,  and  ii)  Doppler  shift,  a  function  of  sensor  vehicle 
speed,  another  accurately  known  quantity.  Thus,  object  position 
for  a  SAR  is  determined  primarily  by  sensor  vehicle  position. 
Sensor  angular  uncertainties  do  not  degrade  the  geometric  error 
budget  for  a  SAR.  Thus,  all  else  equal,  SAR  systems  are 
capable  of  more  accurate  image  positioning  than  are  other 
remote  imaging  systems.  These  geometric  properties  of  SAR 
are  preserved  and  exploited  best  by  modern  digital  processing 
methodology. 

Radiometric  SAR  performance  depends  on  all  aspects 
of  the  "system",  including  scatterer  reflectivity,  antenna  angular 
orientation,  processor  settings,  etc.  Amplitude  calibration  of 
SARs  is  challenging  at  best,  and  progress  is  not  rapid.  Absolute 
calibra’ion  for  SIR-C  (1992)  is  to  be  on  the  order  of  3dB,  which 
might  be  compared  to  the  state  of  the  art  15  years  ago  of  about 
4dB.  Relative  calibration  is  generally  much  better  than  ldB, 
and  ;s  improving.  Most  interesting  quantitative  SAR  results  to 
date  depend  primarily  on  relative  calibration. 

Interferometric  performance  of  a  SAR  refers  to  a 
system’s  ability  to  support  operations  in  the  complex  image 
domain,  in  which  image  phase  is  of  paramount  importance. 
Until  recently,  most  SAR  R&D  concentrated  on  the  detected 
image,  and  so  both  sensors  and  processors  were  developed  that 
disregarded  interferometric  SAJR  performance.  However,  the 
most  exciting  advances  in  quantitative  SAR  work,  some  of 
which  should  see  economic  payoff  in  the  90’s,  depend  on  phase 
preserving  properties  in  the  complex  image  domain.  It  is  at  this 
level  that  the  importance  of  system  concept  is  evident. 

"Conventional"  digital  SAR  processing,  which  has  served 
the  Seasat  SAR  decade  so  well,  is  based  on  impulse  response 
magnitu'1'  criteria.  In  search  of  speed,  the  resulting  design 
trade-u  .ed  to  image  phase  irregularities,  most  of  which  were 
of  no  consequence  until  recently.  Now  on  the  threshold  of  new 
quantitative  techniques  that  require  or  benefit  from  accurate 
phase  structure  in  the  complex  image,  standard  processors  no 
longer  suffice,  New  approaches  to  SAR  processing  are  emerging 
with  phase  preserving  properties.  Based  on  wavenumber  domain 
methods  introduced  to  the  reflection  seismics  community  by 
Stolt  in  1978,  Rocca  and  others  first  applied  it  to  radar 
processing  in  1987.  Using  improvements  unique  to  SAR,  CCRS 
and  MDA  are  developing  a  new  class  of  phase  preserving 
wavenumber  domain  SAR  processors.  From  the  point  of  view 
of  quantitative  complex  image  exploitation,  we  are  entering  a 
new  decade. 


There  are  several  areas  of  SAR  system  level  work  of 
importance  that  depend  on  complex  image  phase.  These  include 
calibration,  time-base  interferometry,  elevation  interferometry, 
and  polarimetric  synthesis.  In  the  case  of  polarimetiy,  the 
relative  (complex)  calibration  between  channels  is  critical,  with 
notable  recent  results  being  reported  at  IGARSS. 

Polarimetry,  at  the  system  level,  deserves  special 
mention,  largely  because  a  configuration  is  required  which  goes 
beyond  the  single  wavelength  and  polarization  implementation 
now  planned  for  ERS-1,  J-ERS-1,  and  RADARSAT.  The  first 
polarimetric  work  in  the  SAR  context  was  by  Zebker,  Van  Zyl, 
and  colleagues  at  the  Jet  Propulsion  Laboratory.  The  new  JPL 
aircraft  SAR  is  designed  around  polarimetry,  and  it  is  a  key 
feature  of  SIR-C.  In  polarimetric  synthesis,  images  that 
correspond  to  all  possible  combinations  of  transmit  and  receive 
polarizations  are  available  from  one  polarimetric  data  set. 
Typically,  four  data  paths  are  required  (for  each  frequency), 
hence  the  term  "quadrature  polarimetry".  Each  data  stream 
corresponds  to  a  unique  pair  of  transmit  and  receive 
polarizations,  drawn  from  the  horizontally  or  vertically  polarized 
antenna  used  for  transmission,  and  for  reception,  respectively. 
The  SAR  data  is  gathered  in  time  multiplex,  processed  to  the 
complex  image  stage,  and,  with  the  matrix  operator  known  for 
the  desired  polarization,  manipulated  to  synthesize  the 
corresponding  image. 

At  the  user  end,  work  station  techniques  and  standards 
aie  being  developed  at  many  centres  world  wide.  Many  are 
designed  exclusively  for  polarimetric  investigations.  JPL  should 
be  recognized  and  complimented  for  their  leadership  in  this 
area,  particularly  for  making  their  data  and  software  available 
for  polarimetry  synthesis  work  by  other  investigators.  The  entire 
remote  sensing  community  benefits  from  such  unselfish 
thinking. 

Setting 

SAR  systems  are  becoming  more  elegant  in  concept  and 
performance,  but  quantitative  results  are  obtained  only  through 
observations  of  a  real  world  setting.  There  have  been  notable 
recent  accomplishments,  to  which  the  several  hundred  SAR 
papers  at  this  level  for  IGARSS’89  attests.  Indeed,  with  the 
potential  of  complex  imagery  being  more  deeply  explored,  new 
quantitative  applications  are  rapidly  developing.  Many  of  these 
should  result  in  tangible  economic  benefits  during  the  90s. 

The  traditional  approach  to  SAR  image  interpretation 
has  been  to  look  for  reflectivity,  signature  variations  as  a 
function  of  SAR  system  parameters,  and  as  a  function  of  scene 
characteristics.  Important  results  have  been  obtained  in  most 
application  areas,  including  ice,  oceans,  agriculture,  forestry, 
and  terrain  mapping. 

The  setting  is  ocean  wave  observation  by  SAR.  Both  from 
spacecraft  and  from  aircraft,  wave  spectral  estimation  by  SAR 
has  important  practical  potential  benefits,  but  the  problem  is 
compounded  by  the  motions  of  the  sea  which  complicate  and 
sometimes  limit  the  ability  of  a  SAR  to  determine  the 
directional  wave  spectrum.  Recent  progress  has  been  made, 
with  the  result  that  data  from  airborne  SARs  may  be  processed 
in  innovative  ways  to  more  accurately  estimate  wave  spectra, 
and  io  unambiguously  determine  the  wave  propagation 
direction.  It  is  expected  that  progress  on  wave  height  estimation 
will  follow.  The  work  has  impact  on  current  and  new  radars  for 
both  aircraft  and  spacecraft. 

The  setting  is  forest  mapping.  Within  the  restraint  of 
single  frequency,  single  polarization  SAR,  an  important  system 
variable  that  may  be  exploited  in  applications  is  incidence 
angle.  Using  SIR-B  data  at  several  different  incidence  angles, 
Cimino  and  colleagues  have  shown  that  different  forest  species 
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and  different  forest  structures  for  a  single  species  may  be 
differentiated.  Since  RADARSAT  will  be  a  system  employing 
a  wide  variety  of  incidence  angles,  the  approach  will  be  of  use 
as  a  tool  of  potential  operational  significance  in  the  1990s. 

Two  new  quantitative  methods  based  on  appropriate 
operations  on  sets  of  complex  SAR  imagery  deserve  special 
notice:  interferometry,  and  polarimctry. 

The  selling  is  terrain  height  estimation.  Goldstein  and  his 
<  lleagues  at  JPL  have  proposed  and  demonstrated  an 
innovative  approach  to  this  application.  By  linearly  combining 
two  complex  images  of  the  terrain,  each  taken  from  different 
but  nearby  spatial  positions,  interference  fringes  are  formed 
which  can  be  transformed  into  an  elevation  contour  map.  The 
two  images  need  not  be  simultaneously  obtained.  Data  from 
a  single  satellite  SAR  but  from  two  similar  but  different  orbits 
may  be  used.  The  method  works  precisely  because  the 
wavelength  of  SAR  is  well  suited  to  the  purpose,  and  because 
the  complex  reflected  phase  is  preserved  in  each  image.  If  a 
real  image  were  to  be  formed,  the  seemingly  random  phase  in 
each  image  would  become  "speckle",  but  for  correlated  pairs 
of  complex  images,  the  phase  difference  expressed  in  the 
interference  fringes  carries  radar  range  information  accurate  to 
a  fraction  of  a  wavelength.  Knowing  the  geometry  of  the  image 
pair,  this  is  sufficient  to  find  the  elevation  of  each  scatterer. 
The  resulting  elevation  contour  scale  depends  on  SAR  and 
imaging  geometry,  but  elevation  sensitivity  on  the  order  of  tens 
of  meters  is  attainable. 

The  setting  is  signature  analysis,  and  hence,  scatterer 
classification.  First  the  JPL  group,  and  now  many  investigators, 
are  exploiting  the  benefits  of  quadrature  polarization  data  sets 
to  address  this  class  of  questions.  When  all  combinations  of 
polarization  are  available,  the  data  may  be  scanned  to  derive 
a  "polarization  signature",  and  to  compare  it  to  theoretical 
signatures  that  would  result  from  selected  scattering  models.  In 
forestry,  for  example,  this  approach  allows  reflections  from  the 
terrain,  from  the  tree  trunks,  and  from  the  canopy  to  be 
separately  observable.  In  more  general  terms,  several  classes  of 
scattering  simultaneously  occurring  in  each  resolution  cell  may 
be  quantitatively  differentiated.  Since  radar  reflectivity  is 
dominated  by  the  relative  size  and  orientation  of  the  incident 
wavelength  and  scattering  elements,  and  since  the  polarization 
synthesis  is  phase  sensitive,  the  quantitative  benefits  of  the 
technique  is  a  direct  positive  consequence  of  radar  wavelength 
and  speckle. 

There  are  many  other  specific  cases  that  could  be  cited. 
The  examples  above  have  been  chosen  to  illustrate  specific 
technical  capabilities  of  SAR  systems,  and  the  rapid  rate  of 
progress  in  quantitative  SAR  observations  in  practical  settings. 
There  remains  one  more  level  to  be  explored. 


Significance 

Quantitative  observations  by  SAR  in  practical  settings 
are  necessary  for  significant  results,  but  are  not  sufficient,  at 
least  as  viewed  from  a  global  and  economic  perspective.  In 
order  for  SAR  observations  to  be  significant,  they  must  amount  to 
something.  Individual  research,  no  matter  how  inspired,  falls 
short  of  litis  icsi.  Dtuiiuiistiauuu  |tiujCCts,  by  themselves,  WGuid 
be  encouraging,  but  are  not  "significant"  in  the  larger  sense.  For 
SAR  to  be  a  significant  quantitative  and  economic  tool  for  the 
90s,  it  needs  to  see  substantive  and  large  scale  use. 

There  are  examples  of  significant  SAR  employment,  but 
most  are  military.  In  civilian  remote  sensing,  perhaps  the  best 
examples  are  found  in  airborne  radar  mapping  applications. 
The  STAR-1  (Intera  Ltd  of  Calgary)  has  flown  millions  of  miles 
in  mapping  missions  throughout  the  world.  Its  performance  is 


certainly  quantitative,  taking  advantage  of  the  geometric 
stabilities  inherent  to  SAR  imaging  and  post-mission 
rectification  to  provide  excellent  products.  Clients  with  interest 
in  specific  settings  from  the  tropics  to  the  Arctic  have 
benefitted.  The  results  have  been  significant. 

The  work  of  CCRS,  JPL,  ERIM,  and  other  institutions 
is  an  essential  foundation  and  background  for  development  of 
SARs  such  as  the  STAR-1.  New  systems,  new  concepts,  and 
new  applications  come  from  these  important  centres  that  play 
such  a  key  role  in  enhancing  quantitative  remote  sensing  SAR 
performance.  Likewise,  the  role  of  industry  is  acknowledged,  as 
in  the  development  by  MDA  of  the  first  digital  SAR  processor 
for  Scasat.  However,  moving  beyond  technical  excellence 
(system)  and  demonstrated  effectiveness  (setting)  towards  global 
consequences  (significance)  is  daunting,  particularly  for 
technical  institutions  considered  individually. 

Late  in  1990  or  early  1991  the  first  SAR  bearing  remote 
sensing  satellite  since  Scasat  will  be  launched.  The  European 
Space  Agency’s  ERS-1  will  carry  a  radar  whose  performance 
will  be  approximately  similar  to  that  of  Seasat,  except  at  C- 
Band  instead  of  L-Band.  The  Japanese  will  launch  the  SAR 
satellite  J-ERS-1  in  1992,  and  Canada  should  see  RADARSAT 
launched  in  1994,  a  C-Band  multi-mode  SAR  having  a  five  year 
design  life.  Other  polar  orbiting  SARs  including  polarimetric 
systems  are  under  discussion  for  1997  and  beyond.  For  remote 
sensing,  the  decade  of  the  90s  will  be  the  decade  of  SAR 
satellites  capable  of  quantitative  performance.  But  from  a 
global  perspective,  as  economic  tools,  will  they  be  significant? 


Opportunity 


For  largely  domestic  purposes,  Canada  plans  to  use  SAR 
data  from  RADARSAT  together  with  data  from  other  sources 
in  an  on-line  real-time  information  service  to  the  navigation 
and  ice  community.  The  systems  are  being  designed  now. 
Remote  sensing  and  environmental  scientists  are  actively 
engaged  in  studying  C-Band  scattering  properties  together  with 
detailed  parameterization  and  modelling  of  the  pertinent 
environments  through  major  field  projects  such  as  LIMEX. 
Institutional  arrangements  are  being  created  for  data  flow,  and 
data  exchange  protocols  are  being  negotiated.  Data  recipients 
are  participating  in  data  use  and  analysis  based  on  aircraft  SAR 
programs,  both  experimental  and  operational.  In  short,  there  is 
a  long  range,  inter-disciplinary,  and  inter-institutional  program 
designed  to  support  future  significant  RADARSAT  SAR  data 
utilization  for  Canadian  ice  related  services.  This  is  a  small 
example  of  what  could  be  done. 

One  notable  opportunity  open  to  the  remote  sensing 
community  at  large  is  tropical  deforestation.  As  well  as  being 
significant  and  deserving  urgent  attention,  it  is  one  of  the  global 
problems  to  which  radar  remote  sensing  is  directly  applicable. 
Tropical  forest  inventory  and  its  annual  change  are  only 
approximately  known.  Since  radar  wavelengths  penetrate  fog 
and  cloud  cover,  satellite  based  imaging  radar  is  the  ideal  tool 
to  gather  the  needed  information. 

These  views  generally  are  accepted  in  principal,  but  most 
of  us  think  it  is  someone  else's  problem.  There  is  at  this 


moment 


global  initiative  planned  to  corns  to  ^jrips  with  tbs 


issue. 


This  is  the  opportunity  for  Canada,  and  for  the  remote 
sensing  community  represented  here  at  IGARSS  '89.  An  initiative 
could  be  taken,  starting  from  basic  scientific  measurements,  to 
culminate  in  an  operational  international  tropical  forest 
inventory  and  monitoring  system  ten  years  from  now.  The  plan 
would  have  to  be  long  range,  inter-disciplinary,  and  inter- 
institutional  as  in  the  example  of  Canada's  ice  information 


program.  In  addition,  it  must  be  international,  and  should 
include  as  an  active  partner  one  or  more  countries  with  tropical 
forests.  The  primary  data  base  would  come  from  the  sequence 
of  SAR  satellites  now  foreseen.  Such  a  project  would  need  to 
begin  soon  to  build  the  required  scientific  and  institutional 
foundations. 

Canada  is  uniquely  positioned  to  motivate  such  a  project. 
Since  RADARSAT  is  planned  to  start  operations  in  1994, 
Canada  could  make  an  offer  now  to  provide,  gratis,  and 
annually,  a  base  set  of  tropical  forest  inventory  data  from 
RADARSAT  for  the  life  of  the  mission.  The  offer,  if  made  to 
the  United  Nations,  for  example,  could  serve  to  encourage  an 
international  mobilization  in  response  to  the  issue.  I  believe 
that  the  remote  sensing  community,  and  concerned  individuals 
in  all  nations,  would  welcome  and  build  on  this  initiative,  and 
would  willingly  participate  in  the  efforts  needed  to  achieve 
significant  consequences  from  earth  observation  by  SAR. 

Closing 

There  have  been  notable  achievements  in  recent  years 
in  quantitative  SAR  observations.  With  the  new  radars  and 
processors  now  being  developed,  the  decade  of  the  90s  will  see 
substantive  benefits  in  specific  application  areas.  However,  for 
global  issues  for  which  SAR  is  an  appropriate  remote  sensing 
tool,  significant  and  economic  consequences  will  follow  only  if 
long  range  and  large  scale  preparations  are  made.  It  will  not 
happen  by  itself. 

The  author  is  indebted  to  many  colleagues  whose  work, 
directly  and  indirectly,  make  the  substance  and  the  optimism  of 
these  remarks  possible.  It  is  not  practical  to  list  all  pertinent 
references,  but  the  Digest  for  IGARSS’89  serves  as  a  good 
starting  point. 


16 


SIMPLE  MODELS  FOR  COMPLEX  NATURAL  SURFACES:  A  STRATEGY 
FOR  THE  HYPERSPECTRAL  ERA  OF  REMOTE  SENSING 

John  B.  Adams,  Milton  0.  Smith  and  Alan  R.  Gillespie 


Department  of  Geological  Sciences,  University  of  Washington,  Seattle,  WA  98195 


Abstract 

We  describe  a  two-step  strategy  for  analyzing 
multispectral  images.  In  the  first  step,  the  analyst 
decomposes  the  signal  from  each  pixel  (as  expressed  by 
the  radiance  or  reflectance  values  in  each  channel)  into 
each  of  the  individual  components  that  are  contributed  by 
spectrally  distinct  materials  on  the  ground,  and  those  that 
are  due  to  atmospheric  and  instrumental  effects  and  to 
other  factors  such  as  illumination.  In  the  second  step,  the 
isolated  signals  from  the  materials  on  the  ground  are 
selectively  edited,  and  recombined  to  form  various  kinds  of 
unit  maps  that  are  interpretable  within  the  framework  of  field 
units. 

Keywords,  multispectral  images,  hyperspectral  systems, 
mixture  models 

Introduction 

New  developments  in  technology  have  brought  us  to 
the  threshold  of  the  hyperspectral  era  in  which  it  is  possible 
to  measure  the  same  target  in  hundreds  of  narrow 
wavelength  intervals  (e.g.,  Goetz  et  al.,  1985).  The  remote¬ 
sensing  community,  however,  is  not  yet  prepared  to  process 
and  interpret  hyperspectral  data,  and  then  to  integrate  the 
measurements  from  multiple  instruments  on  a  platform  such 
as  the  NASA  Earth  Observing  System  (EOS).  Even  if  we 
assume  that  future  advances  in  computer  technology  will 
make  it  possible  to  retrieve,  archive  and  process  the  large 
amounts  of  data  that  will  flow  from  future  remote-sensing 
systems,  there  is  the  equally  challenging  problem  of  how  to 
validate  and  interpret  the  data. 

The  purpose  of  this  paper  is  to  outline  a  new  strategy 
for  the  remote  sensing  of  natural  surfaces  using 
multispectral  imaging  systems  aboard  satellites  and  aircraft. 
The  approach  has  been  tested  on  multispectral  images  of  a 
variety  of  natural  land  surfaces  ranging  from  hyperarid 
deserts  to  tropical  rain  forests.  Data  were  analyzed  from 
Landsat  MSS  and  TM,  the  airborne  NS001  TM  simulator, 
Viking  Lander  and  Orbiter,  AIS  and  AVIRIS.  Because  the 
appioach  is  not  restricted  by  wavelength  or  by 
instrumentation,  it  is  effective  with  the  four  channels  of 
Landsat  MSS  and  with  the  224  channels  of  AVIRIS. 

Field  .Mappinq.and ,  Image  .Analysis 

Those  who  have  mapped  geology,  soils,  or 
vegetation  in  the  field  are  especially  aware  of  the  enormous 
complexity  of  many  natural  surfaces.  One  of  the 
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most  important  skills  that  is  required  for  field  mapping  is  the 
ability  to  organize  and  simplify  the  observable  information, 
and  to  present  a  condensed  and  edited  version  of  the  data 
as  a  map.  Such  maps  are  a  fundamental  means  of 
conveying  information,  and  can  be  considered  simple 
models  of  complex  surfaces.  It  is  important  not  to  confuse 
this  kind  of  mapping,  to  which  we  refer  simply  as  "field 
mapping",  with  quantitative  mapping  or  with  mapping  the 
positions  of  features  in  a  Cartesian  framework,  as  in 
topographic  and  cartographic  work. 

Field  mapping  is  done  by  creating  "units,"  which 
usually  represent  materials  that  have  distinctive  and 
significant  properties.  Map  units  typically  have  "type  areas" 
on  the  ground  where  the  distinctive  nature  of  the  materials 
can  be  referenced.  Units  are  carefully  selected  as  part  of 
an  overall  organizational  scheme  to  convey  certain 
important  information  to  the  reader  of  the  map.  For 
example,  a  geologist  might  organize  an  area  initially  into 
volcanic  rocks,  alluvial  deposits  and  aeolian  dunes.  With 
further  work  each  of  these  units  might  be  subdivided  into 
other  units,  such  as  individual  volcanic  flows  and  alluvial 
fans  of  different  ages,  and  dunes  of  different  forms. 

On  any  given  map,  field  units  are  few  in  number, 
typically  between  three  and  ten;  maps  having  hundreds  of 
units  are  unintelligible.  Field  units  always  are  distinctive; 
they  can  be  told  from  other  units.  If  one  unit  grades  into 
another,  the  gradational  nature  of  that  boundary  must  be 
indicated  on  the  map.  Field  units  have  characteristic 
properties,  which  may  include  species  composition,  mineral 
composition,  age,  texture,  internal  homogeneity  or 
heterogeneity.  They  always  are  defined  with  a  particular 
purpose  in  mind,  that  is,  to  convey  certain  information  and 
to  omit  certain  information.  For  example,  geologic  maps 
commonly  lump  surficial  deposits  into  a  single  unit,  and 
entirely  omit  units  of  soils  and  vegetation.  Vegetation  maps 
typically  omit  geological  units.  Soils  maps  usually  do  not 
show  geologic  or  vegetation  units. 

It  is  notoriously  difficult  to  describe  how  to  map  units 
in  the  field,  because  defining  units  involves  the  judgement, 
experience  and  objectives  of  the  mapper.  Thus,  each 
person  mapping  in  the  field  answers  the' question:  "What  do 
you  want  to  show?"  The  mapper  must  organize,  simplify 
and  choose.  In  establishing  a  unit  in  the  field  the  mapper 
implies  that  it  is  meaningful  within  a  defined  geological, 
ecological  or  other  frame  of  reference. 

The  image  analyst,  especially  one  using 
hyperspectral  images,  is  confronted  with  problems  similar  to 
the  ones  encountered  in  field  mapping.  There  is  a  large 
amount  of  data  that  must  be  organized  to  convey  selected 
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information.  Because  our  conventional  scientific  frame  of 
reference  comprises  field  observations  and  laboratory 
measurements,  the  results  of  organizing  the  remote¬ 
sensing  data  would  correspond  ideally  to  the  kinds  of  units 
that  we  would  map  on  the  ground.  The  image  analyst, 
however,  has  different  tools  to  work  with  than  the  field  or 
laboratory  worker,  and,  therefore,  the  criteria  for  selecting 
units  often  are  different.  Nonetheless,  the  products  of  the 
image  analysis  must  be  understandable  to  a  mapper  in  the 
field,  otherwise  the  conventional  frame  of  reference  is  lost. 

Basic  Tools  from  the  Landsat  Era 

Most  of  the  methods  that  are  used  foi  processing  and 
interpreting  multispectral  images  were  developed  in  the 
1970's  for  application  to  Landsat  MSS,  which  had  four 
spectral  channels.  Excluded  from  consideration  here  are 
various  restoration,  filtering  and  enhancement  techniques 
that  apply  to  individual  channels.  Instead  we  focus  on  the 
methods  for  displaying  and  interpreting  the  channel-to- 
channel  variations  in  the  images.  The  basic  tools  include 
three-color  enhancements,  channel-to-channel  ratioing, 
ratio  color  compositing,  principal-components  analysis 
(PCA)  and  assorted  classification  schemes.  These 
methods  still  are  used  widely  for  Landsat,  SPOT  and  other 
systems  having  only  a  few  channels. 

The  basic  tools  can  be  applied  to  images  having 
hundreds  of  channels;  however,  only  a  small  fraction  of  the 
data  can  be  treated  at  one  time.  For  example,  only  three 
channels  can  be  displayed  on  a  color  monitor.  Ratios  are 
limited  to  two  channels,  although  by  using  color  composites 
three  ratios  can  be  displayed  at  a  time.  When  all  of  the 
channels  cannot  be  examined  or  displayed  simultaneously 
then  choices  must  be  made  as  to  which  to  use  and  which  to 
ignore. 

PCA  is  a  computationally  straightforward  way  to 
describe  the  variance  in  a  four-channel  Landsat  image 
(four-dimensional  space),  and  to  rotate  the  data  according 
to  the  eigenvectors.  With  hundreds  of  channels  PCA  is 
computationally  expensive,  and  the  results  may  be  difficult 
to  interpret.  There  is  also  the  disadvantage  that,  regardless 
of  the  dimensionality  of  the  image  data,  the  orthogonal  axes 
of  statistical  variance  do  not  have  consistent  and  simple 
equivalence  to  field  units.  By  examining  the  data  structure 
of  many  multispectral  images  in  an  interactive  computer 
display  (Possolo  et  al.,  1989)  we  have  found  that  the  most 
interesting  axes  of  variance  in  terms  of  image  interpretation 
commonly  are  separated  by  small  oblique  angles. 

Classification  methods  (e.g.,  parallelepiped, 
maximum-likelihood,  etc.)  are  among  the  most  commonly 
used  basic  tools.  Clusters  of  points  in  multidimensional 
space  are  defined,  and  corresponding  pixels  on  images  are 
"alarmed"  or  "painted.”  Classifications  may  be  guided  by 
known  spectral  properties,  or  they  may  be  defined 
statistically.  There  typically  will  be  fewer  classes  for  any 
given  scene  when  it  is  viewed  by  a  camera  system  having 
three  or  four  channels  than  when  it  is  viewed  by  a 
hyperspectral  system,  because  more  spectral  variation  can 
be  detected  by  using  more  channels.  However,  one  can 
generate  a  large  number  of  classes  even  with  the  simplest 
multispectral  system.  With  a  hyperspectral  system  the 
potential  number  of  classes  is  greatly  increased;  however, 
simply  increasing  the  number  of  classes  is  not  our 
objective. 

Our  objective  is  to  be  able  to  classify  images  within 
the  conventional  frame  of  reference  of  field  and  laboratory 
observations,  and  to  choose  from  among  these  classes 
certain  ones  for  presentation  in  maps,  while  editing  others 
that,  for  example,  only  show  variations  in  lighting,  or 
different  proportions  of  the  same  materials. 


A  New  Strategy 

Hyperspectral  measurements  can  bring  the  image 
analyst  closer  to  describing  the  nature  of  the  materials  on 
the  ground;  however,  there  still  is  the  need  for  a  way  to 
separate  and  edit  portions  of  the  data.  We  may  choose  to 
ignore  the  soil  and  the  rocks  if  we  are  mapping  vegetation 
in  the  field;  but  a  multispectral  image  of  the  same  area 
records  the  entire  signal.  A  choice  to  ignore  part  of  the 
signal  only  can  be  made  at  a  later  time  by  the  image 
analyst.  If  the  pixel  size  in  the  image  is  small  enough  so 
that  each  pixel  typically  encompasses  only  vegetation  or 
only  soil/rock,  the  analyst  could  selectively  display  the 
vegetation  pixels,  and  ignore  the  soil/rock  pixels  (and  vice 
versa).  A  more  realistic  example,  however,  is  the  one  for 
which  the  spatial  resolution  is  at  a  scale  of  meters  to  tens  of 
meters,  and  the  pixels  encompass  areas  of  both  vegetation 
and  soil/rock.  Now  the  analyst  needs  to  separate  from  each 
pixel  that  part  of  the  signal  that  expresses  the  vegetation  or 
the  soil/rock. 

The  presence  of  shading  and  ohadows,  which  may 
be  related  to  the  vegetation  or  soil/rock  roughness 
elements,  topography,  solar  elevation  and  other  factors,  will 
further  complicate  the  comparison  of  pixel  signatures  with 
field  units.  The  field  mapper  will  not  define  a 
"shade/shadow"  unit  because  illumination  variations  are  not 
a  tangible  part  of  the  sene.  A  multispectral  image,  of 
course,  will  record  all  of  the  variations  in  illumination,  and 
the  analyst  needs  to  be  able  to  separate  that  part  of  the 
signal  that  is  contributed  by  tangible  materials. 

We  propose  a  two-step  strategy  for  analyzing 
multispectral  images.  In  the  first  step,  the  analyst 
decomposes  the  signal  from  each  pixel  (as  expressed  by 
the  radiance  or  reflectance  values  in  each  channel)  into 
each  of  the  components  that  are  contributed  by  spectrally 
distinct  materials  on  the  ground,  and  those  that  are  due  to 
atmospheric  and  instrumental  effects  and  to  other  factors 
such  as  illumination.  In  the  second  step,  the  isolated 
signals  from  the  materials  on  the  ground  are  selectively 
edited  and  recombined  to  form  various  kinds  of  unit  maps 
that  are  interpretable  within  the  framework  of  field  units. 

New  Tools  for  Image  Processing;  Image  Endmembers 

Consider  a  multispectral  image  of  a  hypothetical 
scene  that  includes  vegetation  and  soil.  We  will  use  this 
simple  example  throughout  the  paper  for  illustration; 
however,  the  methods  discussed  have  been  demonstrated 
on  many  natural  scenes  of  considerable  complexity,  and 
are  not  restricted  to  vegetation  and  soil  (Smith  and  Adams, 
1985;  Adams  et  al.,  1986;  Ustin  et  al.,  1986;  Smith  et 
al.,1989;  Possolo  et  al.,  1989).  The  objective  is  to  isolate 
the  spectral  contributions  of  vegetation,  soil  and  other 
sources  in  each  pixel.  Our  approach  is  to  define  a  set  of 
spectra  from  the  image,  called  "image  endmembers,"  which 
when  mixed  using  an  appropriate  rule,  reproduce  all  of  the 
pixel  spectra. 

Rarely  are  natural  surfaces  uniformly  illuminated; 
therefore,  to  account  for  natural  variations  in  illumination, 
we  select  the  spectra  for  the  vegetation  and  soil  image 
endmembers  from  areas  that  receive  maximum  illumination. 
We  then  introduce  an  image  endmember  that  we  call 
"shade."  As  an  endmember,  shade  can  mix  in  all 
proportions  with  each  of  the  other  endmembers  or  with  their 
mixtures,  thereby  modeling  the  spectrum  of  the  endmember 
material  when  it  is  not  fully  illuminated.  Thus  the 
endmember  "shade"  accounts  for  variations  in  lighting  at  all 
scales  due  to  changes  in  incidence  angle,  and  variations  at 
all  scales  that  are  caused  by  shadows,  including  multipixel 
shadows  cast  by  topographic  features  and  subpixel 
shadows  cast  by  trees,  bushes  or  other  objects  having 
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roughness  and  texture. 

Each  of  the  spectral  endmembers  must  be  relatively 
free  of  contamination  by  other  materials  or  other  effects.  It  is 
unrealistic  to  expect  to  find  a  pixel  that  has  absolutely  no 
effects  of  shading  and  shadows  at  all  scales;  nevertheless 
we  might  find  one  in  which  these  effects  are  minimal. 
Similarly,  in  our  example  we  seek  the  spectra  of  relatively 
pure  areas  of  vegetation  and  of  soil.  An  image  endmember 
having,  for  example,  70%  vegetation  and  30%  soil  would 
not  be  satisfactory,  whereas  one  having  only  3%  soil  might 
be,  depending  on  the  objectives  of  the  analysis.  The 
problem  is  simplified  if  we  have  knowledge  from  field 
observations  that  the  spectra  of  the  endmember  pixels  are 
representative  of  the  materials  that  we  want  to  isolate.  The 
shade  endmember  typically  is  derived  from  a  pixel  in  a 
shadow  cast  by  a  topographic  feature.  Dark  areas  such  as 
a  blacktop  road  or  a  body  of  clear  water  under  some 
circumstances  can  be  a  proxy  for  shade. 

Once  we  have  defined  the  spectra  of  the  image 
endmembers  we  can  calculate  the  spectra  of  any  mixtures 
of  the  endmembers  by  applying  an  appropriate  mixing  rule. 
The  objective  is  to  solve  for  the  fractions  of  each  of  the 
endmembers  in  each  of  the  pixels.  A  general  equation  for 
mixing  by  area  is: 

N  N 

DNC  =  £piDNi.c  +  E=c  and  £  F|  =  1  (1) 

1=1  1=1 

where  DNc  (digital  number)  is  the  relative  uncalibrated 
radiance  in  channel  c  of  an  image  pixel;  F|  is  the  fraction  of 
endmember  I;  DN|,c  is  the  relative  radiance  of  endmember 
i  in  channel  c;  N  is  the  number  of  endmembers;  and  Ec  is 
the  error  for  channel  c  of  the  fit  of  N  spectral  endmembers. 
Equation  1  converts  the  image  DN  values  in  each  channel 
for  each  pixel  to  the  equivalent  fractions  of  each  of  the 
endmembers.  It  also  requires  that  the  fractions  of  the 
endmembers  sum  to  one.  For  the  specific  example  used 
above,  N  =  2:  F-|  and  DN-^c  might  refer  to  vegetation,  and 
F2  and  DN2,c  might  refer  to  soil. 

We  now  have  constructed  a  model  consisting  of 
three  image  endmember  spectra  which  are  allowed  to  mix 
with  each  other  to  form  other  spectra.  We  wish  to  determine 
how  well  this  model  (the  ensemble  of  spectra  plus  Equation 
1 )  accounts  for  the  actual  spectral  variation  in  the  acquired 
data.  If  the  model  does  not  fit  the  data  well  our  strategy 
provides  us  with  ways  to  find  out  whether  we  have  missed 
some  important  part  of  the  signal  (another  endmember), 
whether  one  or  more  of  the  original  endmembers  is 
inappropriate,  or  whether  part  of  the  spectral  variation  in  the 
image  is  caused  by  atmospheric,  instrumental  or  other 
effects  that  are  extrinsic  to  the  surface. 

The  model  is  tested  in  three  ways.  First,  we  compute 
the  root-mean-squared  (rms)  error  in  the  fit  of  the  model  to 
the  image  data.  This  parameter  is  based  on  tho  Ec  term  of 
Equation  1,  squared  and  summed  over  all  M  image 
channels; 

e  =  [M-i  IEc231/2  (2) 

c=1 

The  error  is  computed  separately  for  each  pixel.  It  is  a 
measure  of  the  spectral  residue  that  cannot  be  explained  by 
the  mixing  model.  If  e  is  small,  then  the  model  may  be  a 
good  one;  is  e  is  large,  the  image  endmembers  or  mixing 
rules  may  have  been  chosen  or  characterized  incoirectly. 
Spatial  patterns  and  variability  in  the  rms  error  can  be 
examined  in  an  image  by  encoding  values  of  e  as  DN.  We 
display  the  higher  values  of  e  as  lighter. 


Second,  we  display  the  fractions  of  the  image 
endmembers,  Fi,  as  "fraction  images,"  by  scaling  values  of 
F|  to  fit  in  the  8-bit  DN  range.  Endmember  fraction  images 
permit  us  to  examine  variability  in  the  model  in  a  spatial 
context,  and  to  relate  spatial  patterns  in  the  fractions  to 
conventionally  enhanced  images  and  to  other  types  of 
information.  For  example,  the  high  fractions  of  vegetation, 
and  of  soil,  should  form  patterns  on  the  image  that  are 
consistent  with  ground  or  other  observations.  The  fraction  of 
shade  is  closely  related  to  the  topography;  therefore,  the 
complement  (1-F|)  of  the  shade-fraction  image  should 
mimic  the  topography,  illuminated  as  during  image 
acquisition,  but  devoid  of  spectral  and  most  albedo 
information.  The  construction  of  fraction  images  is  a 
powerful  test  of  the  validity  of  the  model  that  exploits  the 
interpretive  skills  of  the  analyst:  if  patterns  of  F|  in  the 
fraction  images  "don't  make  sense”  then  the  model  may 
have  been  constructed  incorrectly. 

We  display  the  "fraction  image"  by  arbitrarily 
encoding  F|  as  DN  such  that  DN  =  100  (F|+1);  thus,  F|  =  0 
is  indicated  by  a  DN  of  100,  and  F|  =  1  by  a  DN  of  200. 
Because  realistic  values  of  endmember  fractions  will  range 
between  zero  and  unity,  the  correctly  modeled  data  in  the 
fraction  images  will  lie  in  the  range  100  £  DN  5  200. 

For  the  third  test,  we  compute  a  parameter  we  term 
the  "fraction  overflow".  As  noted  above,  fractions  of 
endmembers  in  the  scene  must  range  from  zero  to  unity. 
However,  if  the  model  is  inadequate  to  describe  the  image, 
the  computed  image-endmember  fractions  may  fall  outside 
this  range,  even  though  they  sum  to  unity  as  required  by 
Equation  1.  In  this  situation,  e  may  nevertheless  be  small, 
indicating  a  good  fit. 

Out-of-range  endmember  fractions  may  be 
encountered  if  areas  were  incorrectly  chosen:  for  example, 
a  vegetation  reference  area  might  actually  contain  a  small 
area  of  visible  substrate,  or  a  soil  reference  area  might  be 
partially  vegetated.  Even  so,  fractions  will  not  be  overrange 
unless  a  more  extreme  or  pure  pixel  is  encountered  in  the 
image.  If  an  area  of  50%  vegetation  is  used  as  a  reference 
area,  a  completely  vegetated  area  will  have  F|  =  2.  In  this 
instance,  bGcause  the  fractions  must  sum  to  unity,  the  sum 
of  the  shade  and  soil  endmember  fractions  must  be  -1 . 

In  the  fraction  images,  out-of-range  fractions  are 
encoded  as  values  outside  the  range  100  s  DN  S  200: 
negative  fractions  are  indicated  by  DN  <  100,  and 
superunity  fractions  by  DN  >  200.  We  display  the  "fraction 
overflow"  by  by  "alarming"  or  "color  coding"  pixels  for  which 
values  of  Ff  are  unrealistic.  "Fraction-overflow"  images  thus 
created  highlight  areas  and  components  In  the  scene  for 
which  the  model  is  ambiguous  or  otherwise  inappropriate. 

If  the  initial  model  does  not  fit  tho  data  satisfactorily, 
as  judged  by  the  three  tests  described  above,  we  may  need 
to  change  the  reference  areas  used  to  define  the  image 
endmembers,  or  we  may  need  to  select  one  or  more 
additional  endmembers.  Potential  new  areas  for  defining 
endmembers  are  identified  on  the  rms-error  (e)  image  as 
light  pixels.  The  various  new  endmembers  are  not 
discriminated  in  the  e  image,  except  in  that  they  are 
together  distinguished  from  well  modeled  pixels.  Light 
pixels  in  the  e  image  may  be  all  due  to  one  unmoa'eied 
endmember,  or  to  twenty.  We  may  choose  to  ignore  some 
pixels  that  have  a  high  rms  error,  for  example  those 
representing  a  road  or  a  lake,  if  we  are  interested  primarily 
in  the  rest  of  the  scene.  If  the  model  does  fit  we  may 
proceed  with  analysis,  keeping  in  mind  that  the 
endmembers  that  were  used  represent  broad  classes  of 
materials,  and  may  not  yet  be  suitable  for  specific 
identifications. 
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In  the  example  so  far  we  have  converted  an  image 
from  radiance  (DN)  to  fractions  of  endmembers.  Two  of  the 
endmembers  represent  known  materials  on  the  ground, 
while  the  third,  shade,  was  introduced  to  account  for 
variable  illumination  and  for  shadows.  Using  equation  1  we 
quantified  the  fractions  of  the  endmembers  at  the  sub-pixel 
scale,  avoiding  the  problem  of  defining  large  numbers  of 
arbitrary  classes  consisting  of  simple  mixtures.  Now  that  the 
multispectral  image  data  are  expressed  as  fractions  of 
endmembers  we  can  select  and  delete  information,  which  is 
necessary  to  arrive  at  units  that  are  consistent  with  the 
framework  of  field  mapping. 

New  Tools  for  Imaoe-Processinq.  Displays  of  Fraction 
Images 

Endmember  fractions  can  be  displayed  in  a  variety  of 
ways.  Individual  fraction  images  can  be  color  coded  by 
fraction  steps,  or  three  endmembers  can  be  displayed  by 
assigning  each  to  one  of  the  red,  green  or  blue  (RGB)  color 
guns.  Significantly,  combinations  of  some  fraction  images 
can  be  displayed  while  leaving  out  others.  For  example,  in 
the  hypothetical  image  we  can  delete  the  fraction  of  shade 
by  rescaling  all  fractions  so  that  vegetation  and  soil  sum  to 
unity.  (When  we  refer  to  vegetation  cover  on  the  ground  we 
do  not  count  the  fraction  of  shade).  Thus,  a  pixel  having 
0.33  vegetation,  0.33  soil  and  0.33  shade  would  convert  to 
05  vegetation  and  0.5  soil.  An  image  of  the  rescaled 
fractions  can  be  used  to  display  quantitatively  the  amount  of 
vegetation  relative  to  soil  by  color  coding  selected  fraction- 
intervals. 

If  there  are  two  or  three  soil  endmembers,  we  can 
rescale  their  fractions  to  exclude  vegetation  and  shade, 
thereby  producing  a  fraction  image  that  shows  the  relative 
proportions  of  the  soils  alone.  This  also  is  a  way  of 
removing  the  vegetation  contribution  to  the  image,  and  has 
been  dubbed  "spectral  defoliation"  (A.  Green,  personal 
communication).  In  a  similar  way  we  can  exclude  soils  and 
shade,  and  isolate  two  or  more  vegetation  endmembers. 

A  particularly  useful  display  for  classifying  vegetation 
is  a  three-color  fraction  image  where  R  =  (1  -  Fshade).  G  = 
Fveg.  and  B  =  Fsoil-  Forested  areas  (or  any  green 
vegetation  having  a  high  fraction  of  shade)  are  green,  and 
low  trees,  shrubs  and  grasses  (or  any  green  vegetation 
having  a  lower  fraction  of  shade)  are  yellow  (a  mixture  of 
green  and  red,  where  red  is  high  in  the  absence  of  shade). 

Fraction  images  are  a  powerful  tool  for  isolating  parts 
of  the  image  data  and  for  quantifying  the  amounts  of  the 
materials  that  are  present.  This  is  the  same  kind  of  selective 
organization  that  characterizes  field  mapping.  With  this 
approach  the  image  interpreter  does  not  have  to  convert 
mentally  between  radiance  and  materials  on  the  ground. 
Classification  is  done  in  terms  of  the  endmembers,  and  not 
in  terms  of  statistical  groupings.  Furthermore,  the  fraction 
images  can  be  based  on  all  of  the  spectral  channels.  With 
more  channels,  more  endmembers  can  be  defined  (one 
more  endmember  than  the  number  of  channels),  and  the 
uniqueness  of  the  spectral  identity  of  each  endmember  may 
be  enhanced.  Thus,  the  approach  lends  itself  to 
hyperspectral  data  as  well  as  to  simpler  systems  such  as 
Landsat. 

New  Tools  for  Imaae-Processina:  Reference  Endmembers 

In  the  above  examples  we  obtained  endmembers 
from  pixels  in  the  image  itself.  If  there  are  no  areas  in  the 
image  that  consist  of  the  desired  materials,  for  example  in  a 
semiarid  scrub  where  every  pixel  has  vegetation,  soil  and 
shadow,  the  endmembers  must  be  derived  from  laboratory 
or  field  reference  spectra  We  term  these  endmembers 
"reference  endmembers."  To  use  reference  endmembers 


we  need  to  convert  the  image  data  to  reflectance. 
Atmospheric  and  instrumental  calibration  coefficients  rarely 
are  available  to  correct  an  image  to  within  a  few  percent 
reflectance;  therefore  we  must  use  a  part  of  the  scene  as  a 
reference.  Traditionally  this  is  done  by  finding  pixels  that 
are  entirely  occupied  by  a  known  material.  However,  the 
same  calibration  can  be  done  if  known  materials  are  mixed, 
by  applying  an  appropriate  mixing  algorithm.  Thus,  if  we 
know  the  laboratory  or  field  reflectance  spectra  of 
representative  materials  on  the  ground,  we  can  calculate 
the  expected  reflectances  of  all  pixels  that  contain  mixtures 
of  these  materials.  The  discrepancies  between  the 
calculated  reflectances  expressed  as  DN  and  the  measured 
pixel  radiances  in  DN  are  caused  by  a  combination  of 
factors  that  include  the  spectral  solar  irradiance, 
atmospheric  attenuation  and  scattering,  instrumental  gains 
and  offsets,  and  lighting  artifacts  that  have  "corrupted"  the 
reflectances  of  the  materials  on  the  surface. 

If  we  do  not  know  the  spectra  of  the  materials  on  the 
ground  then  we  can  test  for  the  combination  of  the  best 
endmembers  derived  from  laboratory  or  field  spectra  and 
the  most  plausible  gains  and  offsets  for  each  channel  that 
are  needed  to  make  the  endmembers  fit.  These  gains  and 
offsets  combine  all  of  the  corrupting  effects. 

We  have  developed  a  method  to  solve 
simultaneously  for  endmember  fractions  and  for  the 
combined  gains  and  offsets  that  bring  the  image  data  into 
"alignment"  with  the  reference  spectra.  The  equation  is. 

N  N 

GcDNj^  +  Oc  =  ^FrRr.c  +  ant*  X  =  ^  (3) 

r=1  r=1 

where  Rr.c  is  the  reflectance  in  channel  c  for  reference 
endmember  r,  and  DNj,©  is  the  uncalibrated  radiance  in 
channel  c  for  image  endmember  I,  and  we  are  solving  for 
the  fractions,  Fr,  the  gains,  Gc,  and  the  offsets  Oc-  As  in 
equation  1  the  fractions  of  the  endmembers  sum  to  unity. 
Applying  the  coefficients  Gc  and  Oc  to  the  acquired 
radiance  data  calibrates  them  to  reflectance  measurements. 

Our  strategy  uses  Equation  3  initially  on  a  small 
subset  of  a  larger  image,  for  which  it  is  safe  to  assume 
uniform  atmospheric  conditions.  We  select  a  simple  area 
where  we  know  the  endmembers,  or  can  narrow  the 
probable  choices  of  materials.  Once  we  find  the  gains  and 
offsets  for  each  channel  we  apply  them  to  the  rest  of  the 
image.  After  an  image  is  calibrated  to  reflectance  it  is  easier 
to  test  additional  models  with  reference  spectra.  Calibrating, 
modeling  and  testing  are  done  iteratively. 

Narrow  Absorption  Bands 

One  of  the  main  reasons  for  developing 
hyperspectral  systems  was  to  be  able  to  detect  narrow 
absorption  bands  in  the  spectra  of  minerals  and  other 
materials,  because  such  bands  often  are  diagnostic  of 
chemical  composition  and  structure,  and  thus  are  useful  for 
identification.  If  the  absorption  bands  are  strongly 
expressed  they  may  be  evident  in  the  earliest  stages  of  data 
analysis,  even  prior  to  correcting  the  data  to  reflectance  or 
deconvolving  mixtures  Methods  for  detecting  and 
characterizing  absorption  bands  have  been  developed  by 
several  workers  ,  but  will  not  be  reviewed  here. 

Our  experience  has  been  that  many  of  the  strong 
absorption  bands  that  are  seen  in  laboratory  spectra  are 
weak  or  undetectable  when  the  same  materials  occur  on 
natural  surfaces.  Absorption  bands  in  any  one  material 
may  vary  significantly  in  strength  depending  on  such  factors 
as  particle  size  and  the  presence  of  other  materials  that  are 
strongly  absorbing.  Within  a  pixel-sized  area  a  material, 
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which  in  pure  form  in  the  laboratory  would  show 
characteristic  absorption  bands,  may  have  weak  or 
indistinct  bands  that  are  ot  the  same  magnitude  as  the 
effects  of  atmospheric  and  instrumental  variations  Our 
strategy  requires  a  further  step  to  detect  narrow  absorptions 
that  depart  from  the  continuum  by  only  a  few  percent.  We 
achieve  this  by  examining  the  fit  of  the  endmembers  to  the 
image  data  in  each  channel. 

So  far  we  have  described  an  approach  that  gives 
equal  weighting  to  all  channels,  and  is  relatively  insensitive 
to  three  or  four  channels  out  of  hundreds.  Because  the 
reference  endmembers  are  selected  for  their  overall  fit  in  all 
channels  they  may  not  fit  exactly  in  any  few  channels.  A 
narrow  absorption  band  may  occur  in  the  image  data,  but 
not  be  present  in  a  reference  endmember  that  otherwise  fits 
the  overall  data  well.  Or,  an  absorption  band  (weak  or 
strong)  may  occur  in  the  spectrum  of  a  reference 
endmember,  but  that  band  is  not  present  (or  detectable)  in 
the  image  data. 

To  examine  the  fit  of  the  model  channel  by  channel, 
for  each  pixel  we  estimate  a  model  DN  from  the  sum  of  the 
products  of  the  reference  endmembers  and  the  model 
fraction,  F|\  From  this  value  is  subtracted  the  observed 
DNc,  to  give  for  each  pixel  a  residual  N-vector  comprised 
from  the  components  95c-  The  residual  for  each  channel, 

95c,  is  found  according  to: 

N 

95C  =  XFrRr.c  -  DNC  (4) 

r= 1 

The  residual  may  be  encoded  as  DN  and  displayed  as  an 
image.  Positive  residua  indicate  that,  in  channel  c,  the 
endmember  model  specifies  higher  reflectances  than  were 
actually  observed.  Negative  residua  indicate  that  the  image 
DN  are  higher  than  the  modeled  value. 

We  know  the  detailed  spectra  of  each  of  the 
reference  endmembers.  If  we  are  searching  for  a  mineral 
absorption  band  at,  say,  2.3  pm,  we  know  whether  we  have 
included  such  a  band  in  the  model,  and  which  reference 
endmember  contains  it.  There  are  several  possibilities.  If 
we  have  modeled  the  absorption  feature,  and  if  it  is  actually 
in  the  scene,  values  of  95c  at  the  wavelength  of  the  feature 
will  be  small.  If  the  feature  is  absent,  they  will  be  large  and 
and  negative.  On  the  other  hand,  our  model  might  not 
contain  the  absorption  feature.  In  that  case,  if  it  is  present  in 
the  image,  values  of  95c  will  be  large  and  positive;  if  it  is 
absent,  they  will  be  small. 

If  the  model  and  the  measurements  do  not  agree,  the 
wavelength  at  which  the  disagreement  is  worst  may  be 
determined  by  inspection  of  95c  for  several  channels  in  the 
vicinity  of  the  feature.  For  example,  in  our  model  of  the 
hypothetical  image  above,  there  might  be  an  absorption 
band  at  2.3  pm  in  the  spectrum  of  the  soil  endmember,  but 
none  in  the  spectrum  of  the  vegetation  or  the  shade.  If  an 
image  of  95c  =  2.3  pm  shows  that  all  pixels  have  negative 
residua,  we  would  conclude  that  for  some  reason  the 
surface  materials  do  not  show  the  same  absorption  band  at 
2.3  pm  as  appears  in  our  soil  reference  endmember 
Whether  the  apparent  absence  of  the  band  on  the  ground  is 
the  result  of  a  significant  compositional  difference  is  a 
question  for  interpretation.  Similarly,  if  the  residual  image 
shows  pixels  that  have  positive  values,  we  might  conclude 
that  the  corresponding  areas  on  the  ground  had  a  stronger 
absorption  band  at  2.3  pm  than  the  reference  soil.  Thus  we 
are  able  to  learn  a  great  deal  about  the  fit  of  our  model,  and 
the  spectral  identity  of  misfit  features,  by  inspection  of 


images  of  95c- 

To  improve  further  our  confidence  that  the  absorption 
band  that  we  seek  is  a  feature  of  the  surface  and  not  an 
atmospheric  or  instrumental  effect,  we  inspect  the  shape  of 
the  absorption  feature  in  the  image  by  examining  the 
residual  images  for  several  channels  near  the  center  of  the 
band.  A  large  residual  in  only  a  single  channel  is 
suggestive  of  instrumental  noise,  whereas  residua  that 
systematically  increase  to  a  maximum,  and  then  decrease 
are  suggestive  of  the  charactoristic  pattern  of  a  mineral 
absorption  band:  weak  absorption  in  the  wings,  and 
increasing  absorption  toward  the  band  center.  To 
determine  whether  the  absorption  is  occurring  on  the 
surface  or  in  the  atmosphere,  we  examine  the  patterns  on 
the  residual  images.  Absorptions  on  the  ground  typically 
exhibit  a  spatial  pattern  that  has  meaning  within  the  context 
of  the  image.  Thus,  for  example,  we  would  not  expect  the 
2.3-pm  band  in  our  hypothetical  image  to  extend  over  areas 
of  100%  vegetation  as  well  as  over  areas  of  soil.  Broad  or 
diffuse  patterns  that  are  not  spatially  organized  may 
indicate  atmospheric  absorptions;  random  patterns,  line 
patterns,  or  periodic  geometrical  patterns  are  typical  of 
noise  or  instrumental  effects. 

It  happens  that  the  human  eye-brain  system  is 
extraordinarily  sensitive  to  subtle  spatial  patterns,  and  we 
often  can  detect  spatial  patterns  in  the  residual  images  that 
are  caused  by  absorptions  on  the  ground,  even  when  these 
patterns  occur  in  the  presence  of  stronger  superposed 
patterns  of  lines  or  random  noise.  The  approach,  therefore, 
lets  us  detect  weak  absorptions  at  the  level  of  the  system 
noise.  Furthermore,  by  presenting  the  data  in  image  form 
we  are  less  likely  to  mistake  atmospheric  absorption  bands 
or  instrumental  pseudobands  for  bands  in  materials  on  the 
ground. 


When  analyzing  multispectral  images  having  only  a 
few  channels  we  are  accustomed  to  the  idea  of 
discriminating  among  materials  on  the  ground.  It  is 
generally  understood  that  with  only  three,  four  or  six 
channels  reflectance  spectra  are  so  undersampled  that  it  is 
not  possible  to  identify  most  materials  uniquely.  The  advent 
of  hyperspeclral  images  does  not  mean,  however,  that  now 
it  is  possible  to  identify  materials  routinely.  We  discussed 
above  that  mixtures  of  materials  may  mask  the  absorption 
bands  that  are  needed  for  unique  identification.  Some 
materials,  of  course,  cannot  be  identified  uniquely  by  their 
spectra  even  under  optimum  laboratory  conditions.  For 
most  materials,  however,  spectral  identification  and  spectral 
detectability  depend  on  the  context,  that  is,  on  what  other 
materials  are  present,  and  on  the  conditions  under  which 
the  measurements  are  made  (Shipman  and  Adams,  1987). 
In  one  context  a  material  may  stand  out  clearly,  whereas  in 
another  the  same  material  may  be  indistinguishable  from  its 
surroundings.  To  interpret  multispectral  data  we  need  to  be 
aware  of  the  conditions  under  which  we  can  expect  to 
detect  each  material.  Thus,  identification  and  detectability 
are  topics  that  require  consideration  of  spectral  mixtures. 

If  it  is  important  to  consider  the  spectrum  of  each 
material  in  context  with  those  of  the  other  materials  that  are 
present,  it  foiiows  that  an  exploration  strategy  needs  to 
include  the  broader  context,  rather  than  searching  for  just 
one  material  at  a  time.  A  search  that  is  narrowly  focused 
toward  finding  material  x  may  yield  quick  results,  perhaps 
by  finding  a  strong,  characteristic  absorption  band  in  the 
radiance  data.  If  the  same  search  yielded  no  diagnostic 
spectral  information  the  results  would  be  negative,  without 
leading  to  the  next  logical  step.  Material  x  might  actually  be 
present,  although  to  detect  its  weak  signature  it  might  be 
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necessary  to  examine  the  total  spectral  signature,  rather 
than  just  the  absorption  band. 

Consider  green  vegetation.  The  strong  absorption 
bands  of  chlorophyll  are  diagnostic  in  most  natural  contexts. 
This  material  is  so  important  for  terrestrial  image 
interpretation,  and  so  distinct  spectrally  in  the  visible  and 
near-infrared,  that  all  earth-observing  multispectral  systems 
have  placed  channels  at  wavelengths  that  respond  to  the 
maximum  spectral  contrast  of  chlorophyll.  In  fact,  two 
channels,  one  where  absorption  is  near  a  maximum,  and 
another  on  the  long  wavelength  wing  of  the  bands,  often 
suffice  for  discriminating  green  vegetation.  Hence  there  are 
various  vegetation  indices  that  are  based  on  radiance  in 
two  channels. 

But  even  the  strong  signature  of  chlorophyll  becomes 
masked  by  other  spectra  when  green  vegetation  comprises 
less  than  about  20%  of  a  pixel.  Thus,  ratio-based 
vegetation  indices  do  not  work  well,  or  at  all,  in  areas  of 
sparse  vegetation.  It  is  even  more  difficult  to  detect  and 
quantify  vegetation  by  these  means  when  the  substrate  is 
spectrally  variable.  We  have  found  that  vegetation  can  be 
detected  and  quantified  at  the  5-10%  level  of  cover  by  using 
the  strategy  outlined  above,  where  green  vegetation  is 
treated  as  one  endmember  that  mixes  spectrally  with  others 
(Smith  et  al.,  1989).  This  approach  opens  the  way  to 
improved  mapping  of  vegetation  cover  in  arid  lands. 

We  also  have  quantified  vegetation  cover  in  a  desert 
scrubland,  using  an  hyperspectral  AIS  images  spanning 
only  the  wavelength  region  from  1 .2  to  2.4pm,  a  region  that 
does  not  include  the  diagnostic  chlorophyll  bands.  In  this 
wavelength  region  we  used  the  continuum  of  the  vegetation 
spectrum  as  a  spectral  endmember  (Smith  et  al.,  1988). 
The  continuum  part  of  a  spectrum  commonly  contains 
important  information,  and  should  not  be  discarded  just 
because  narrow  absorption  bands  are  not  present. 

The  analysis  of  vegetation  imaged  oy  AIS  shows  that 
strong  and  narrow  absorption  bands  may  not  always  be 
encompassed  in  hyperspectral  c'ata.  even  though  materials 
having  such  bands  may  be  jresent  in  the  scene.  A 
narrowly  focused  analytic  approach  that  seeks  only  such 
bands  may  not  apply  in  these  situations,  and  in  any  case 
such  approaches  may  overlook  critical  information  in  the 
rest  of  the  data. 


A  successful  strategy  for  analyzing  and  interpreting 
multispectral  images  must  allow  for  the  unexpected. 
Without  any  analytical  strategy  discoveries  are  left  to 
chance.  If  the  strategy  is  too  'narrow  it  will  yield  only  "yes"  or 
"no"  results.  A  classic  example  of  a  spectral  surprise  was 
the  discovery  of  the  mineral  buddingtonite  at  Cuprite, 
Nevada,  using  AIS  data  (Goetz  and  Srivastava,  1985).  The 
mineral  had  not  been  detected  in  the  field  because  it  was 


visually  identical  to  other  minerals  present.  Its  presence 
was  revealed  by  absorption  bands  in  the  near  infrared  in 
the  AIS  data;  however,  the  bands  did  not  correspond  to 
reference  spectra  then  available.  Field  checking  and 
laboratory  analyses  subsequently  demonstrated  the 
presence  of  buddingtonite,  untii  then  an  obscure  mineral  to 
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The  approach  that  we  have  proposed  is  well  suited 
to  reveal  surprises.  If  there  is  an  unexpected  material  within 
our  hypothetical  image  there  are  two  possibilities.  One  is 
that  the  spectrum  of  the  mystery  material  is 
indistinguishable  from  mixtures  of  vegetation,  soil  and 
shade  in  all  channels,  in  which  case  it  will  not  be  revealed 
by  any  spectral  processing,  and  it  only  could  become 
evident  by  its  spatial  pattern  or  by  other  means.  The 
second  possibility  is  that  the  material  is  not  modeled  by  a 


mixture  of  the  spectral  endmembers.  In  this  case  the 
pixel(s)  having  the  poor  fit  will  be  revealed  in  the  rms-error 
image  and/or  in  the  fraction-overflow  image.  These  pixels 
can  then  be  examined  to  see  whether  they  have  the 
spectrum  of  a  pure  material  in  the  reference  library,  or 
whether  they  fit  as  mixtures  of  different  suites  of 
endmembers.  The  images  highlighting  the  anomalous 
pixels  also  would  show  any  characteristic  spatial  pattern.  If 
the  spectral  properties  were  not  understandable  in  terms  of 
the  available  reference  materials,  and  the  area  could  not  be 
identified  by  shape  or  outside  information,  a  field  check 
might  be  warranted. 


We  have  outlined  an  approach  to  the  processing  of 
multispectral  images,  including  hyperspectral  data,  in  which 
a  scene  is  modeled  as  fractions  of  a  set  of  spectral 
endmembers.  Fraction  images  are  produced  that  can  be 
edited  and  displayed  to  form  map  units  that  are 
interpretable  in  terms  of  a  conventional  compositional  frame 
of  reference  of  field  and  laboratory  measurements.  With 
further  development  the  approach  has  the  potential  of  being 
implemented,  in  whole  or  in  part,  in  real  time  aboard  sensor 
platforms.  The  advantages  would  be  that  the  data  volume 
would  be  significantly  reduced  by  transmitting  a  few  fraction 
images  rather  than  transmitting  the  output  from  hundreds  of 
channels,  and,  at  the  outset,  the  analyst  would  focus  on 
interpreting  images  that  were  understandable  in  terms  of 
materials  on  the  surface. 


1.  J.B.  Adams,  M.O.  Smith,  and  P.E.  Johnson,  "Spectral 
mixture  modeling:  A  new  analysis  of  rock  and  soil  types 
at  the  Viking  Lander  I  Site,"  J.  Geophys.  Res.,  vol.  91 ,  pp. 
8098-8112,  1986. 

2.  A.F.H.  Goetz,  G.  Vane,  J.  Solomon,  and  B.N.  Rock, 
"Imaging  spectrometry  for  Earth  remote  sensing," 
Science,  vol.  228,  pp.  1147-1153, 1985. 

3.  A.F.H.  Geotz  and  V.  Srivastava,  "Mineralogical  mapping 
in  the  Cuprite  mining  district,  Nevada,"  Proc.  Airborne 
Imaging  Spectrometer  Data  Analysis  Workshop,  JPL 
Pub.  85-41,  pp.  22-31,  1985. 

4.  A.M.G.  Possolo,  J.B.  Adams,  and  M.O.  Smith,  "Mixture 
models  for  multispectral  images,"  J.  Geophys.  Res., 
submitted. 

5.  H.  Shipman  and  J.B.  Adams,  "Detectability  of  minerals 
on  desert  alluvial  fans  using  reflectance  spectra,"  J. 
Geophys.  Res.,  vol.  92,  pp.  10391-10402, 1987. 

6.  M.O.  Smith  and  J.B.  Adams,  "Interpretation  of  AIS 
images  of  Cuprite,  Nevada  using  constraints  of  spectral 
mixtures,"  Proc.  Airborne  Imaging  Spectrometer  Data 
Analysis  Workshop,  JPL  Pub.  85-41,  pp.  62-68,  1985. 

7.  M.O.  Smith,  D.  A.  Roberts,  H.M.  Shipman,  J.B.  Adams, 
S.C.  Willis,  and  A.R.  Gillespie,  "Calibrating  AIS  images 
using  the  surface  as  a  reference,"  Airborne  Imaging 
Spectrometer  Workshop  III,  JPL  Pub.  88-30,  pp.  63-09, 
1988. 

8.  M.O.  Smith,  S.L.  Ustin,  J.B.  Adams,  and  A.R.  Gillespie, 
"Variation  of  vegetation  along  environmental  gradients 
in  dosGrt  regions,  Owens  Valley,  CA:  I.  Estimating 
vegetation  abundance  from  remotely  sensed  images,"  in 
preparation. 

9.  S.L.  Ustin,  J.B.  Adams,  C.D.  Elvidge,  M.  Rejmanek,  B.N. 
Rock,  M.O.  Smith,  R.W.  Thomas,  and  R.A.  Woodward, 
"Thematic  mapper  studies  of  semiarid  shrub 
communities,"  Bioscience,  vol.  36,  pp.  446-452, 1986. 


INVESTIGATION  OF  THE  RELATIONSHIP  OF  SAR  HH  AND  VV 
BACKSCATTER  TO  SURFACE  ROUGHNESS  AND  DIELECTRIC  CONSTANT 


S.  D.  Wall  and  J.  A.  VanZyl 
Jet  Propulsion  Laboratory 
California  Institute  of  Technology 
Pasadena  CA  91109  USA 
(818)354-7424 
TELEX67-5429 


With  the  advent  of  polarimetric  radar  instruments  it  is  sometimes 
possible  to  employ  all  possible  combinations  of  both  transmit  and 
receive  polarizations  to  infer  target  properties  from  remote  sensing 
SAR  data.  However,  remote  sensing  missions  limited  by  either 
downlink  data  rate  or  high-reliability  technology  must  rely  on  a 
correspondingly  limited  data  set.  Because  most  models  are 
underconstrained  even  with  full  polarimetric  data,  the  data-limited 
case  becomes  one  of  particular  concern. 

Planetary  missions  are  generally  faced  with  both  data  and 
technology  limitations.  If  they  are  to  produce  quantitative  estimates 
of  surface  properties,  planetary  scientists  must  employ  and  verfiy 
models  which  can  be  inverted  to  predict  statistical  properties  of 
targets  given  the  data  available.  The  Magellan  mission  will  map  80% 
of  the  surface  of  the  planet  Venus  with  S-band,  HH-polarizcd  SAR 
during  its  first  full  cycle  of  the  planet's  rotation.  Near-nadir  S-band 
data  will  be  acquired  simultaneously  by  an  altimeter.  Magellan  will 
have  the  ability  to  acquire  VV  data  during  extended-mission  cycles. 
It  may  also  then  acquire  data  at  multiple  incidence  angles. 

In  this  paper,  predictions  based  on  a  second-order  Bragg-Rice 
electromagnetic  interaction  model  will  be  compared  to  actual  results 
obtained  in  the  recent  NASA  Mojave  Field  Experiment.  Targets  of 
low,  intermediate,  and  extreme  roughness  in  the  California  Mojave 
Desert  were  overflown  by  the  JPL  Airborne  Imaging  Radar,  a  full 
polarimetric  SAR  operating  at  L,  C,  and  P  band.  Target  surface 
roughness  and  dielectric  constant  were  measured  simultaneous  with 
the  overflight.  HH  and  VV  images  were  later  reconstructed  and 


calibrated  to  simulate  data  expected  from  the  Magellan  (Venus) 
extended  mission.  Ground  measurements  were  then  used  to  predict 
HH  and  VV  returns.  Results  will  be  compared  with  predictions,  and 
methods  for  inversion  of  the  model  to  use  Magellan  data  will  be 
discussed. 

The  research  described  in  this  paper  was  carried  out  by  the  Jet 
Propulsion  Laboratory,  California  Institute  of  Technology,  under  a 
contract  with  the  National  Aeronautics  and  Space  Administration. 
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We  have  utilized  a  three-wavelangth  (6cm,  24cm,  and  68cm)  imaging 
radar  polarimeter  on  board  a  NASA  DC-8  aircraft  to  classify  terrain 
according  to  its  multifrequency  polarimetric  scattering  behavior. 
Specifically,  we  measure  the  amount  of  depolarization  at  each  of  the 
radar  wavelengths  and  classify  each  pixel  in  the  corresponding  radar 
image  according  to  which  wavelength  yields  the  greatest 
depolarization. 

The  apparent  depolarization  of  the  radar  echoes  is  related  to  the 
pixel  to  pixel  variation  in  observed  scattering  properties.  This 
variation  may  be  due  to  a  number  of  different  physical  phenomena, 
including  multiple  scatter  from  rough  surfaces,  volume  scattering 
from  subsurface  layers  or  vegetation  canopies,  or  gross  meter-scale 
variation  in  the  physical  properties  of  the  the  surface.  The 
multiwavelength  feature  of  the  polarimeter  permits  estimation  of 
these  effects,  and  hence  inferred  surface  parameters  at  different 
length  scales  or  subsurface  parameters  at  different  depths. 

We  have  applied  our  classification  algorithms  to  radar  images  of  sea 
ice  and  also  land  terrain  consisting  of  alluvial  surfaces  of  different 
ages.  We  find  that  in  the  former  case  we  can  readily  distinguish 
multiyear  from  first  year  ice,  while  in  the  latter  there  is  a 
correspondence  between  the  age  of  the  alluvial  surface  and  the 
classification  produced  by  our  algorithm.  In  the  multiyear  ice 
instance,  we  believe  that  volume  scattering  from  centimeter  scale 
oblong  inclusions  leads  to  the  observed  result.  For  the  alluvial 
surfaces,  it  is  likely  that  vegetation  plays  a  significant  role. 
However,  at  present  our  models  are  incomplete,  and  we  do  not  in 
every  case  know  if  we  are  observing  the  expression  of  surface  or 
subsurface  parameters. 
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ABSTRACT 

A  new  approach  to  use  radar  polarimetry  to 
enhance  the  detectability  of  an  artificial  man¬ 
made  target  in  a  SAR  image  is  proposed. 

The  method  is  based  upon  the  use  of  a  SAR 
image  simulator  to  produce  the  target 
polarization  signature.  Once  this  signature  has 
been  obtained,  it  is  possible  to  evaluate  an 
optimal  polarisation  of  the  electromagnetic 
wave  which  will  maximize  the  target  echo.  Then, 
by  synthesis,  one  can  compute  from  polarimetric 
data  (real  multipolarization  SAR  or  simulation 
products)  the  target  optimal  image. 

The  results  show  once  again  the  interest  of 
polarimetry  for  SAR  remote  sensing. 
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1.  INTRODUCTION 

The  purpose  of  this  paper  is  to  show  that  it 
is  possible  to  enhance  the  detectability  of  a 
particular  target  in  a  SAR  image  if  one 
disposes  of  a  multi  polarization  SAR  antenna 
providing  for  two  orthogonal  linear  emitted 
polarizations  the  received  co  and  cross 
polarized  signals. 

This  can  be  done  using  the  following 
algorithm  which  can  be  divided  into  three  major 
steps . 

A:  First  of  all,  we  must  compute  the 
polarization  signature  of  the  target.  The 
inputs  are  obtained  either  from  the  HH,  HV,  VK 
and  VV  images  of  the  target  obtained  from  a 
real  multipolarization  SAR,  or  from  a  SAR 
simulator.  Tne  above  multipolarization  data 
enables  the  computation  cf  the  target 
scattering  matrix  and  the  polarization 


B:  Second  of  all,  we  evaluate,  from  the 
polarization  signature,  the  optimal 
polarization  angle  to  be  used  to  obtain  the 
best  echo  on  the  image.  The  criteria  will  be 
properly  defined. 

C:  Finally,  we  compute  the  target  image  from 
the  multipolarization  data  with  the 


polarization  evaluated  in  the  second  step. 

The  result  is  the  optimal  image,  for  the 
given  target,  in  terms  of  detectability.  The 
following  part  of  this  paper  will  describe 
these  steps.  We  shall  show  some  simulation 
results  at  the  symposium. 

2.  NOTATIONS 

In  this  paper,  we  shall  use  the  following 
notations. 

2.1  SAR  and  frame  notations 

The  reference  frame  will  be  linked  to  the  SAR 
geometry.  Fig.  1  shows  the  major  elements. 


Figure  1 :  SAR  and  antenna  geometry 


At  the  top  of  fig.  1,  one  can  notice  a 
classical  SAR  geometry  with  the  beam  axis 
directed  by  vector  u  and  the  satellite 
velocity  V.  The  bottom  of  fig.  1  is  an 
enlargment  of  the  antenna  zone.  In  the  antenna 
plane,  we  defined  two  vectors: 
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Vector  H:  Parallel  to  the  velocity 
Vector  V:  Orthogonal  to  the  velocity  and  to 
the  beam  axis. 

2.2  Polarimetrv  notations 

Since  we  work  with  linear  polarization,  the 
electric  field  E  lies  in  the  HV-plane  and  the 
angle  0  between  H  and  E  is  called  polarization 
angle.  Classicaly,  in  a  multipolarization  SAR, 
the  radar  emits  in  H  and  V  and  receives  the 
copolarized  and  crosspolarized  signals.  Thus, 
we  obtain  four  images: 


EMISSION 

RECEPTION 

RESULT 

V - 

- v - 

- W 

With  these  four  results  in  module  and  phase 
(complex  numbers)  it  is  possible  to  obtain  the 
scattering  matrix  of  the  imaged  target  (Ref. 4) 
which  can  be  written  as: 


Figure  2:  HV  multipolarization  frame. 


where  -  ohh,  ohv,  cvh,  ow  are  the  target 

Radar  Cross  Sections  (RCS) . 

-  <phh,  <pHv,  (pvH,  <pvv  are  the 
associated  phase  shifts. 

-  Eix  (x  e  {  H  ;  V  } )  is  the 
projection  of  the  incident  electric 
field  on  the  x-axis. 

-  Esx  (x  e  (  H  ;  V  })  is  the 
projection  of  the  scattered 
electric  field  on  the  x--axis. 

Once  this  matrix  is  obtained,  it  is  easy  to 
simulate  any  incident  and  scattered  field 
because  the  scattering  matrix  is  a  fully 
representation  of  the  behaviour  of  the  target. 
Assuming  an  emission  with  a  polarization  angle 
cp,  Ei,  and  a  reception  with  a  polarization 
angle  we  then  can  write  the  following 

formula  using  plane  rotations: 


3.  POLARIZATION  SIGNATURE 


3.1  Target  description 


This  is  the  first  step  of  our  algorithm. 
Since  we  want  to  study  a  particular  target  for 
which  we  do  not  dispose  of  multipolarization 
data,  we  use  a  SAR  simulator  to  produce  the 
four  images  HH,  HV,  VH  and  VV.  This  simulator 
is  fully  described  in  ref. 2  and  3.  The  target 
can  be  decomposed  into  a  collection  of 
Elementary  Geometric  Reflectors  (EGR) 
backscattering  the  radar  wave  tfter  one,  two 
or  three  internal  reflections.  Therefore,  it 
becomes  necessary  to  study  the  signature  of 
each  EGR  if  we  want  to  manage  correctly  the 
behaviour  of  the  whole  target . 

In  this  study,  we  shall  consider  the 
following  EGR: 


r  EsV  Vf cos  V  sin  yj  /an  au\  (cos  <p  -sin  /Ei(p>, 
VEsV-l-/^-sin  V  cos  J  ^a2i  a22 J  sin  <p  cos  (p  I  l  0  J 

Esvp  is  the  received  field  on  the  polar  and 
Esl/J.  is  the  cross  polarized  field.  Ei<p  is  tne 
emitted  field  on  the  polarization  cp.  Figure  2 
represents  these  fields. 


3  c  Very  thin  structures 
and  dipoles 

Figure  3:  Three  different  EGR  types 


Type  a:  It  concerns  the  dihedral  structures  as 
dihedral  corner  reflectors  or  group  cylinder- 
plane  . 
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Type  h :  It  concerns  the  strutures  which 
backscatter  the  radar  wave  after  a  single 
specular  reflection  and  do  not  depolarize  the 
incident  wave. 

Type  c:  It  concerns  the  very  thin  structures 
like  wedges  or  thin  wires  which  behaves  almost 
like  dipoles  in  terms  of  polarization. 

3.2  EGR  Eolarlzation_si.gnai.urg, 

In  this  study,  the  polarization  signature  is 
represented  by  a  polar  coordinates  defined 
curve  rnf(0)  in  the  HV  plane.  The  extremity 
of  the  ray-vector  is  function  of  the 
polarization  angle  0  and  represents  the 
relative  power,  with  respect  to  the  emitted 
power,  received  on  the  emission-like 
polarization.  The  scales  are  graduated  in  %. 

3.2.1  Type  ..a 

The  polarization  signature  of  a  dihedral 
structure  can  be  derived  from  the  scattering 
matrix.  For  an  incidence  perpendicular  to  the 
dihedral  axis,  a21  and  a12  have  zero  values. 
The  diagonal  terms  depends  strictly  on  the 
Fresnel  reflection  coefficients  (Ref. 4).  The 
polar  coordinates  curve  can  be  written: 


signatures  for  two  dihedral  corner  reflectors. 
Two  nulls  can  be  noticed  on  the  like 
polarization . 


r  =  A  (  K1  cos20  +  K2  sin20  )  (3) 

where  A  is  the  RCS  power  factor, 

K1  and  K2  are  function  of  the  Fresnel 
reflection  coefficients. 

One  will  notice  in  figure  4  two  polarization 
signatures  corresponding  to  two  different 
reflectors.  In  these  examples,  the  dihedral 
axis  is  parallel  to  the  H  direction.: 

-  Curve  4  a)  is  the  polarization  signature  of 
a  perfect  conductor  dihedral  corner  reflector. 
The  incidence  angle  is  equal  to  23°  (ERS-1) . 

-  Curve  4  b)  is  the  polarization  signature  of 
a  real  dihedral  corner  reflector.  The 
incidence  remains  equal  to  23°  and  the 
permittivity  of  the  two  planes  is  e  =  8  Eo. 


3.2.2  yype.Ja 

The  type  b  EGR  backscatter  the  radar  wave 
after  a  single  reflection.  Some  of  them  (flat 
plate  on  normal  incidence,  ellipsoid  etc..)  do 
not  depolarize  the  incident  field.  Thus,  in 
this  case,  the  polarization  signature  is  a 
circle. 

3.2.3  lyp£_c 

These  reflectors  are  very  different  from  the 
others.  Indeed,  they  have  generally  enc 
optimal  polarization  direction.  For  a  dipole, 
this  direction  is  parallel  to  the  dipole  axis 
and  the  curve  can  be  expressed  by: 

r  =  A  cos29  (4) 

Where  A  is  the  RCS  power  factor. 


4.  OPTIMUM  POLARIZATION  EVALUATION 
4.1  Method  description 

The  aim  of  this  process  is  the  computation 
of  an  optimal  polarization  axis  for  the 
detection  and  the  identification  of  a  given 
fully  described  target  (dimensions,  position, 
attitude  and  dielectric  nature) .  The  solution 
will  be  function  of  all  the  target  parameters. 

First  of  all,  we  must  divide  the  target  into 
a  collection  of  Elementary  Geometric 
Reflectors,  each  one  of  them  having  a 
different  behaviour  with  respect  to  the  radar 
illumination. 

Then,  we  must  find  a  criterion  to  define  the 
optimal  polarization  to  be  used  for  a 
particular  target.  An  obvious  criterion  would 
be  to  maximize  the  sum  of  the  EGR  polarization 
signatures.  However,  this  may  lead  to  an 
ambiguous  position.  For  example,  if  the  target 
is  composed  of  two  orthogonal  equal  power 
dipoles  lying  in  a  plane  perpendicular  to  the 
incidence  direction,  the  polarization 
signatures  will  be  perpendicular.  Thus,  the 
signatures  sum  will  be  a  circle  (  r  °  A  cos20 
+  A  sin20  =  A  )  and  the  maximum  is 
undetermined.  Moreover,  if  the  dipoles  are 
different,  the  maximum  will  be  relative  to  the 
greatest  one  and  the  less  powerful  will  be 
completly  invisible. 

Thus,  the  criterion  we  have  chosen  is  not 
related  to  maximum  power  considerations.  It 
can  be  expressed  with  two  conditions: 

Cl:  All  the  EGR  must  be  visible 

C2 :  Once  Cl  is  realized,  we  must  maximize 
the  EGR  signatures. 

The  condition  Cl  refers  to  a  threshold  in 
terms  of  signal  to  noise  ratio.  It  means  that 
under  a  certain  value,  the  EGR  can  be  visible 


28 


but  hidden  in  the  noise  {  speckle  etc...).  The 
method  used  to  find  the  best  compromise  is 
based  upon  these  two  conditions. 

Assume  a  target  to  be  composed  of  n 
independent  EGR:  it  is  then  possible  to  trace 
the  normalized  polarization  signatures  of 
these  EGR  on  the  HV  plane.  Then,  for  each 
polarization  angle  0,  we  determine  the 
smallest  value  among  the  n  signatures. 
Finally,  we  obtain  a  polar  coordinates  defined 
curve  s  =  f (0)  which  can  be  written  as: 

s  =  f<0)  -  Min  (Sig^O);  iefl,  ...,n))  (5) 

where  Sig^ (0)  is  the  ith  EGR  polarization 
signature.  Then  we  compute  the  maximum  of  s 
when  0  ranges  from  0  to  2n.  Based  on  the  value 
of  0  for  this  maximum,  an  estimate  of  the 
optimal  angle  0OPT  can  be  derived  as  follows: 

s(0OPT)  =  Max  (s  (0) ;  0 e  {0, 2tc{)  (6) 

Once  0OPT  is  obtained,  we  can  evaluate  the 
value  of  each  Sig£(0opr)  for  ie(l,...,n)  ar.d 
verify  if  they  remain  above  the  threshold.  If 
it  is  not  the  case,  we  must  accept  to  loose 
one  EGR  (the  worst  case)  and  to  run  the 
estimation  process  again. 

Cl:  All  the  EGR  must  be  visible 

C2 :  Once  Cl  is  realized,  we  must  maximize 
the  EGR  signatures. 

The  condition  Cl  refers  to  a  threshold  in 
terms  of  signal  to  noise  ratio.  It  means  that 
under  a  certain  value,  the  EGR  can  be  visible 
but  hidden  in  the  noise  (  speckle  etc...).  The 
method  used  to  find  the  best  compromise  is 
based  upon  these  two  conditions. 

Assume  a  target  to  be  composed  of  n 
independent  EGR:  it  is  then  possible  to  trace 
the  normalized  polarization  signatures  of 
these  EGR  on  the  HV  plane.  Then,  for  each 
polarization  angle  0,  we  determine  the 
smallest  value  among  the  n  signatures. 
Finally,  we  obtain  a  polar  coordinates  definec 
curve  s  =  f (0)  which  can  be  written  as: 

s  -  f(0)  ■=  Min  (Sig^ej;  iefl,  ...,n})  (5) 

where  Sig^O)  is  the  i'h  EGR  polarization 
signature.  Then  we  compute  the  maximum  of  s 
when  0  ranges  from  0  to  2Jt .  Based  on  the  value 
of  0  for  this  maximum,  an  estimate  of  the 
optimal  angle  0OPI  can  be  derived  as  follows: 

=  Max  (s/fil;  fie  I0.2xH  1 6) 

Once  0OPT  is  obtained,  we  can  evaluate  the 
value  of  each  Sig^  (0OPI)  for  ie{l,...,n)  and 
verify  if  they  remain  above  the  threshold.  If 
it  is  not  the  case,  we  must  accept  to  loose 
one  EGR  (the  worst  case)  and  to  run  the 
estimation  process  again. 


4.2  One  result 

It  concerns  a  group  of  two  dihedral  corner 
reflectors  in  the  HV-plane.  Figure  5  shows 
this  geometry: 

H  axis 


Figure  5  and  6:  Two  dihedral  corner 

reflectors  structure  and  best  polarization 
angle. 

For  this  geometry,  the  best  polarization  angle 
is  60°  and  the  EGR  are  attenuated  by: 

DCR  1:  47% 

DCR  2:  63% 

5.  OPTIMAL  SIMULATION 

This  is  the  last  step  of  our  process.  Once 
the  best  polarization  angle  for  the  given 
target  is  obtained,  it  is  easy  to  simulate  the 
image  of  this  target  with  this  polarization. 
Thus  we  are  in  the  optimum  conditions  if  we 
want  to  detect  this  particular  object. 

We  shall  show  some  results  at  the  symposium 
since  they  are  not  ready  for  presentation  at 
the  time  of  the  writing  of  this  article. 
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There  has  been  considerable  interest  in  applying  the  additional  information  that  radar 
polarimetry  could  provide  to  classification  of  earth  terrain  cover.  For  example,  earlier  results 
of  an  unsupervised  classification  algorithm  showed  that  polarization  information  allows  one 
to  classify  scattering  behavior  based  on  the  number  of  reflections  that  the  wave  suffered  befoic 
returning  to  the  radar  receiver.  Also,  it  has  been  shown  that  when  accurate  training  data 
are  available,  a  supervised  Bayes  classifier  yields  better  performance  than  the  unsupervised 
classification  algorithm  and  simpler  discriminates  such  as  single  channel  amplitudes,  or  the 
phase  difference  between  two  channels. 

In  this  paper  we  compare  the  results  of  supervised  classification  aigoiithms  based  on  the 
Bayes  technique  (maximum  likelihood)  applied  to  the  first  order  statistics  of  the  measured 
signals,  as  well  as  a  simpler  minimum  distance  technique  applied  to  the  second  order  statis¬ 
tics  of  the  measured  signals.  Both  techniques  are  applied  to  single  frequency  and  multiple 
frequency  (wavelengths  of  67,  24  and  6  cm)  imaging  radar  polarimetry  data  sets  acquired 
over  various  different  earth  terrain  covers  such  as  sea  ice,  desert  areas,  grasslands,  forests 
and  urban  areas. 

Our  results  show  that  the  two  algorithms  yield  very  similar  results,  but  that  the  minimum 
distance  method  uses  considerably  less  computer  time  than  the  Bayes  method.  Also,  results 
are  considerably  more  accurate  when  the  full  three-frequency  set  is  used  than  when  any 
single  frequency  set  is  used.  In  some  cases,  like  desert  terrains,  most  information  seems  to 
be  contained  in  a  relatively  small  subset  of  the  feature  space.  This  means  that  the  dimension 
of  the  minimum  distance  feature  vector  could  be  reduced,  resulting  in  an  increase  in  speed 
without  a  significant  loss  in  classification  accuracy. 
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SEGMENTATION  OF  MULTIFREQUENCY  POLARIMETRIC  RADAR  IMAGES  TO  FACILITATE 
THE  INFERENCE  OF  GEOPHYSICAL  PARAMETERS 
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Jet  Propulsion  Laboratory 
California  Institute  of  Technology 
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ABSTRACT.  Geophysical  parameters,  such  as  r.m.s.  height, 
correlation  length  and  dielectric  constant,  may  be  derived  for  each 
resolution  element  of  a  scene  using  model  inversion  techniques, 
although  in  practice  this  is  prohibitive  because  of  the  amount  of 
computation  involved.  Segmenting  the  images  into  classes  with 
similar  geophysical  characteristics  allows  the  model  inversion  to  be 
performed  on  each  class  rather  than  each  pixel.  We  use  an 
unsupervised  clustering  algorithm  to  segment  multifrequency 
polanmetnc  radar  data  from  the  NASA/JPL  airborne  SAR.  Twenty- 
two  parameters  are  evaluated  for  their  discriminatory  capability  for 
each  pixel  of  an  image.  A  clustering  analysis  is  then  performed 
using  different  subsets  of  these  parameters.  This  analysis  relies  on 
data  taken  as  part  of  an  intensive  field  experiment  during  the  summer 
of  1988  in  the  vicinity  of  the  Pisgah  lava  flow  in  the  Mojave  Desen 
in  southern  California.  As  part  of  the  expenment,  extensive  ground 
truth  was  acquired,  including  dielectric  constant  and  topography 
measurements.  Segmentation  results  show  good  agreement  with 
these  measurements. 

Keywords.  Clustering,  Polarimetry,  Statistical  Separability 
INTRODUCTION 

There  is  considerable  interest  in  deriving  geophysical  information, 
c.g.  surface  roughness,  dielectnc  constant  and  soil  moisture  from 
remote  sensing  data.  Since  radar  backscatter  from  rough  surfaces  is 
influenced  by  both  the  geometrical  and  electrical  properties  of  the 
surface,  SAR  data  may  allow  inference  of  physical  surface 
parameters.  Model  inversion  techniques  achieve  this  derivation  but 
require  a  large  amount  of  computation  when  applied  on  a  pixel  to 
pixel  basis.  Segmenting  the  images  into  classes  with  similar 
geophysical  characteristics  allows  the  model  inversion  to  be 
performed  on  each  class  rather  than  each  pixel. 

The  new  JPL  Aircraft  SAR  acquires  fully  polanmetric  data  at  C-,  L- 
and  P- bands  [1],  For  each  resolution  cell,  the  resulting  data  set 
consists  of  three  symmetrical  Stokes  matrices,  one  for  each 
frequency.  There  arc  nine  independent  parameters  in  each  Stokes 

*vtnt***v  fr\r  >»  tnt.l  rxf  tuiAniv.cAvAn  inrl»n<>nrJ(>nl  ntirotriPiPrc  nPr 
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resolution  cell.  Therefore,  the  first  step  in  a  segmentation  process 
consists  of  reducing  the  dimensionality  of  the  data,  i.e.,  selecting  a 
limited  set  of  parameters  among  the  original  twenty-seven  which 
contain  most  of  the  information  for  discrimination  purposes  among 
differing  geologic  surface  types.  Several  parameters  appear  to 
contain  little  information  for  classifying  geologic  surfaces,  while 
others  discriminate  well  between  surface  types.  A  clustering 
algorithm  is  then  used  to  segment  images  using  the  reduced  set  of 
polarization  parameters.  The  final  step,  inversion  of  geophysical 


parameters  for  each  class,  is  presented  in  a  related  paper  [2]. 

DESCRIPTION  OF  DATA 

The  Aircraft  SAR  system  outputs  scattering  matrices  directly,  but 
further  data  volume  reduction  transforms  the  data  into  compressed 
Stokes  matrix  format  13].  The  following  analysis  was  performed  on 
the  standard  JPL  polarimetric  compressed  data  files.  A  four  stage 
calibration  process,  including  phase,  cross-talk,  amplitude  and 
radiometric  calibration,  was  performed  on  the  data  before  analysis 
[4]. 

The  JPL  Aircraft  SAR  system  was  flown  on  a  NASA  DC-8  over  the 
Pisgah  lava  flows  and  the  adjacent  dry  lake  bed  in  the  Mojave  desert 
in  June  1988.  Our  analysis  is  done  on  a  10  x  8  km  image  containing 
1024  x  800  4-look  pixels.  The  L-band  total  power  image  is  shown 
in  Figure  1,  although  data  from  C-  and  P-bands  are  also  used.  The 
L-band  data  contains  interference  patterns  noticeable  as  two  vertical 
bar-shaped  boxes  in  the  lower  part  of  the  image.  In  the  studied  data 
set,  a  wide  variety  of  geologic  surfaces  are  encountered.  Six  distinct 
classes  of  surface  type  were  identified  previously  during  field  work. 
For  each  class,  a  typical  site,  approximately  16  pixels  square,  is 
selected.  The  sites  are  labeled  as  follows:  site  1  is  Playa  (dry  lake 
bed),  site  2  is  Pavement  (cobble),  site  3  is  Alluvial,  site  4  is  Phase  I 
Lava  (smooth  lava),  site  5  is  Phase  III  Lava  (intermediate  lava)  and 
site  6  is  Phase  II  Lava  (rough  lava).  A  complete  description  of  the 
lava  types  and  their  origin  is  given  in  Wise  [5].  The  sites  are  shown 
in  Figure  2. 

Similar  sites,  each  approximately  10  m  on  a  side  or  one  pixel,  were 
extensively  studied  during  the  Mojave  Field  Experiment  which  was 
simultaneous  with  the  radar  overflight.  Soil  samples  were  taken  and 
a  precise  description  of  the  geology  was  noted  for  each  site.  Soil 
moisture  and  dielectric  constant  measurements  were  acquired  on  the 
non-lava  sites.  Surface  roughness  profiles  were  acquired  with  a 
ground  template  as  well  as  with  a  helicopter-borne  stereo  camera. 

Because  of  its  diversity,  the  Pisgah  location  has  been  extensively 
studied  in  the  past.  Aerial  photography,  Landsat  images,  SPOT 
images  and  Thermal  Infrared  Mapping  Spectrometer  (TIMS)  data  of 
the  area  are  also  available. 

POLARIMETRY  PARAMETERS 

An  attempt  is  made  in  reducing  the  dimensionality  of  the 
multifrequency,  polarimetric  data  by  selecting  the  most  significant 
parameters  for  the  purposes  of  discriminating  between  geologic 
surface  types.  Even  though  the  complete  polarimetric  scattering 


Fig.  2  Pisgah  scene  showing  six  selected  sites  representative  of 
different  surface  types. 


Fig.  3  L-band  clustering  results  with  one  input  parameter  and  3  x  3  box  size.  The  input  for  a)  is  Total 
Power,  b)  is  HVHV\  c)  is  HHHH*  and  d)  is  VVVV*. 


Fig.  4  L-band  clustering  results  with  one  input  parameter  and  5  x 
5  box.  The  input  for  b)  is  HVHV*,  c)  is  HHHH*  and  d)  is  VVVV*. 

behavior  of  a  resolution  cell  is  described  by  the  nine  independent 
elements  of  its  Stokes  matrix,  twenty-two  parameters  are  studied. 
I  hey  display  the  information  contained  in  the  Stokes  matrix  in 
different  ways  to  emphasize  diverse  aspects  of  the  scattering 
behavior.  The  twenty-two  parameters  may  be  categorized  in  four 
sets.  Set  1  consists  of  the  scattering  matrix  cross-product  terms  and 
the  total  power  (span  of  the  scattering  matrix)  for  a  total  of  ten 
elements.  Set  2  includes  the  normalized  Stokes  matrix  terms  for  a 
total  of  nine  elements.  Set  3  is  the  two  phase  difference  terms  and 
set  4  is  the  coefficient  of  variation,  which  is  defined  to  be  the 
minimum  possible  power  in  the  co-polarized  oi  cross-polanzed 
configuration  divided  by  the  maximum  possible  power  in  co- 


polarizcd  or  cross-polarized  configuration. 

An  analysis  is  performed  on  these  parameters  to  determine  which  arc 
the  best  at  discriminating  between  the  six  selected  sites.  Three 
different  methods  are  used  in  this  analysis.  First,  the  histograms  of 
each  parameter  for  each  of  the  sites  are  compared.  Second, 
statistical  separability  is  used  to  compute  the  interclass  distances 
based  on  each  parameter  (6).  The  Jeffries-Matusita  (J-M)  distance 
appears  to  be  the  most  reliable  indicator  of  separation  between  two 
distributions.  And  finally,  images  of  each  parameter  are  created  [7], 

Among  parameters,  a  good  discriminator  results  in  large  interclass 
separation,  whereas  a  poor  discriminator  presents  similar 
distributions  across  classes,  small  interclass  distances  and  practically 
random  parameter  images.  In  set  1,  the  largest  interclass  distance  is 
obtained  with  HVHV’,  followed  closely  by  HHHH*,  VVVV’  and 
the  Total  Power.  The  parameters  of  set  2  do  not  discriminate  as  well 
as  those  of  set  1.  The  best  discriminators  in  set  2  are  Fjj/F,  t , 
Fyj/Fj,  and  F44/Fn  where  F;.  are  the  Stokes  matrix  elements.  In 
set  3,  Arg(HHHV’)  is  randomly  distributed  regardless  of  the 
surface  type.  This  is  consistent  with  predictions  by  most  theories 
that  the  co-  and  cross-polarized  terms  of  the  scattering  matrix  are 
uncorrelatcd.  Arg(HHVV’)  shows  distribution  dependence  on 
surface  type.  The  coefficient  of  variation  is  consistently  a  good 
discriminator  in  all  three  frequencies. 

CLUSTERING  METHOD 

The  best  of  the  discriminators  described  above  are  used  to  generate  a 
segmentation  map  using  an  unsupervised  classification,  or 
clustering,  algorithm.  The  clustering  analysis  is  done  using  the 
Isodata  algorithm  [8],  isodata  is  an  iterative  algorithm  where  a  set 
of  cluster  centers  are  redefined  every  iteration  until  convergence. 
The  cluster  centers  are  redefined  in  an  attempt  to  maximize 
intercluster  distance  and  minimize  the  distance  between  the  elements 
of  a  cluster  and  its  center,  or  overall  cluster  size.  The  algorithm  also 
includes  heuristics  to  lump,  eliminate  and/or  split  clusters  based  on 
several  user-specified  parameters.  Once  the  cluster  centers  have 
been  selected,  each  pixel  is  then  assigned  to  the  nearest  cluster  center 
using  a  Euclidean  distance  measure.  For  each  pixel,  the  algorithm 
uses  both  the  mean  and  standard  deviation  of  the  pixel  values  from 
an  N  x  N  box  around  the  central  pixel. 

CLUSTERING  RESULTS 

At  this  stage,  only  parameters  from  set  1  and  set  2  have  been  used  as 
input  to  the  clustering  algorithm.  Cross-product  parameters  yield 
better  results  than  relative  Stokes  matrix  parameters,  which  result  in 
noisy  segmented  images.  The  L-band  classification  images  for  Total 
Power,  HVHV*,  HHHH’  and  VVVV*  are  shown  in  Figure  3.  The 
vertical  interference  bars  are  clearly  visible  in  the  HVHV*  and 
HHHH*  images.  The  HVHV*  image  gives  a  good  lava  type 
discrimination. 

Clustering  was  performed  using  two  different  box  sizes,  3x3  and  5 
x  5.  Figure  3  shows  the  segmentation  results  obtained  by  using  3  x 
3  boxes.  Figure  4  shows  images  obtained  using  the  same 
parameters  but  with  a  5  x  5  box.  The  larger  box  size  yields  better 
results,  i.c.,  the  resulting  image  has  fewer  isolated  points  and  well 
defined  borders  between  classes. 

Running  the  clustering  algorithm  without  the  standard  deviation 
information  results  in  a  slightly  noisier  image.  There  arc  more 
isolated  points  especially  in  the  bright  areas.  The  standard  deviation 
provides  a  smoothing  effect,  although  the  mean  is  the  main  driver  of 
the  classification. 

Multiparameter  clustering  was  also  tested  with  a  3  x  3  box.  Images 
were  created  using  Total  Power,  HVHV*,  HHHH*  and  VVVV*  for 
all  three  frequencies,  shown  in  Figure  5.  The  image  in  Figure  5a  is 
created  by  using  the  Total  Power  from  C-,  L-  and  P  bands  as  input 
for  the  clustering  algorithm.  Similarly,  Figures  5b,  5c  and  5d  are 
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Fig.  5  Clustering  results  with  three  input  parameters,  one  from  each  frequency.  The  input  for  a)  is 
Total  Power,  b)  is  HVHV,  c)  is  HHHH*  and  d)  is  VVVV*. 


also  calculated  using  three  frequency  information.  Comparing 
Figures  5c  and  3c  indicates  that  adding  additional  parameters  in  the 
clustering  algorithm  improves  the  performance. 

CONCLUSION 

The  clustering  algorithm  assigns  a  class  value  to  each  image  pixel 
and  these  classes  seem  to  correspond  to  well-defined  geological 
surface  types.  The  initial  results  of  the  segmentation  are  already 
usable  for  model  inversion  (2). 

It  is  apparent  from  the  figures  that  the  algorithm  has  a  tendency  to 
underestimate  the  number  of  classes  in  the  darker  areas.  An 
investigation  is  under  way  to  determine  the  best  method  for 
increasing  the  number  of  classes  in  the  darker  image  areas.  The 
algorithm  capacity  will  be  increased  to  handle  more  than  three  input 
parameters  at  once,  but  the  result  is  not  expected  to  improve 
significantly. 

These  results  were  derived  for  geologic  applications  and  the  same 
approach  could  be  used  to  study  other  earth  terrain  cover,  but  there 
is  no  guarantee  that  the  analysis  would  yield  the  same  conclusions. 

The  parameters  from  set  2  arc  normalized,  meaning  that  the 
brightness  has  been  divided  out.  Judging  from  their  poor 
performance,  it  appears  that  the  brightness  information  is  important 
for  classification  of  geologic  surfaces.  Unfortunately,  different 
geological  surface  types  may  have  the  same  brightness.  Including 
data  from  other  sensors  in  the  classification  process  can  resolve  the 
ambiguity  19). 
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We  first  present  a  comparison  of  first-year/multi-year 
classification  results  based  on  polarimetric,  multi-frequency  data 
versus  those  based  on  single-polarization  C-band  data,  using  sea 
ice  images  obtained  with  the  Jet  Propulsion  Laboratory  aircraft 
SAR  in  the  Beaufort  Sea  in  March  1988.  We  examine  the  effects 
of  adding  polarization  ratios  and  the  degree  of  polarization  at  C- 
band  to  backscattering  strength  as  classification  clues.  We 
compare  classification  results  with  airborne  passive  microwave 
data  when  possible. 

Secondly,  we  present  a  new  algorithm  for  the  discrimination 
of  thin,  flat  ice  from  open  water  in  leads  and  polynyas.  Both  types 
of  surfaces  typically  appear  dark  in  single  frequency,  single 
polarization  SAR  images  because  both  are  relatively  smooth  and 
backscatter  little  radiation.  However,  the  dielectric  constants  of 
sea  ice  and  sea  water  differ  markedly,  making  the  ratio  of  like- 
polarized  backscattering  cross  sections  differ  (theoretically) 
between  surface  types.  The  variation  is  robust  with  respect  to 
natural  roughness  variations  between  and  within  surface  types. 
We  will  present  a  comparison  of  experimental  and  theoretically 
expected  signature  behavior  from  JPL  SAR  images  containing 
open  water  and  new  ice  and  give  error  estimates  for  threshold- 
based  classification  based  on  observed  variances  of  the 
polarization  ratio. 

Key  Words:  SAR,  sea  ice  type  classification 

Theoretical  studies  of  backscattering  at  L-band  from  new  sea 
ice  types  and  from  open  water  indicate  that  rough  surface 
backscattering  dominates  the  return  observed  using  SAR  in  both 
cases.  In  this  case,  the  theoretical  ratio  of  backscattered  powers  at 
VV  and  HH  polarization  depends  primarily  on  the  dielectric 
constant  of  the  scattering  material.  Since  there  is  a  large 
difference  in  dielectric  constants  between  sea  water  and  sea  ice  at 
L-band,  this  ratio  may  be  useful  for  discrimination  of  new  ice  from 
open  water  (Winebrenner  et  al.,  1989). 

Figures  1  and  2  show  HH-polarized,  L-band  SAR  images  of 
San  Franscisco  and  adjacent  ocean  areas  and  of  a  region  of  the 
Beaufort  Sea,  respectively.  Both  images  were  obtained  using  a 
JPL  poiarimetric  airborne  SAR,  the  former  image  by  the  first  JPL 
polarimeter  operating  aboard  a  CV-990  aircraft  in  1986,  the 
second  by  the  second  JPL  polarimeter  aboard  a  DC-8  in  1988.  The 
reason  for  using  this  pair  of  images  is  that  presently  available  sea 
ice  images  from  the  Beaufort  Sea  do  not  contain  any  areas  in 
which  open  water  is  known  to  be  present.  In  fact,  environmental 
observations  at  the  time  strongly  suggest  that  little  open  water  is 


likely  to  be  found  in  images  from  this  time  and  place.  Because  we 
are  concerned  with  new  ice/open  water  discrimination, 
included  in  our  study  areas  from  the  San  Fransisco  image  which 
are  certainly  composed  entirely  of  returns  from  sea  water. 
Selected  areas  in  the  Beaufort  Sea  image  are  located  in  an 
apparently  new  lead  which  backscatters  little  power  relative  to 
other  ice  in  the  image.  For  the  reasons  cited  above,  and  because  of 
the  signature  behavior  described  below,  we  believe  these  areas 
contained  new  sea  ice,  possibly  mixed  with  small  areas  of  open 
water.  Caution  should  be  used  in  interpreting  analysis  of  data 
from  two  different  imaging  systems  since  the  relative  calibration 
between  VV  and  HH  channels  may  have  differed  between  systems. 
Results  presented  below  nonetheless  provide  some  insight  related 
to  multi-polarization  new  ice/open  water  discrimination. 

The  specific  regions  of  the  two  images  used  in  this  study  are 
the  areas  enclosed  by  white  rectangles  (including  the  areas  covered 
by  the  rectangles  themselves).  Each  rectangle  in  the  Beaufort  Sea 
image  is  exactly  10  pixels  on  a  side  (a  region  approximately  66m 
by  120m),  while  the  size  of  the  rectangles  in  the  San  Francisco 
image  varies  but  always  contains  more  than  100  pixels.  The 
incidence  angles  in  the  selected  regions  varied  from  25  to  32 
degrees  for  the  samples  of  backscattering  from  sea  water  (Figure 
1)  in  the  San  Francisco  image,  and  from  29  to  36  degrees  for  sea 
ice  backscattering  samples  in  the  Beaufort  Sea  image. 

Figures  3a  and  b  show  histograms  of  the  ratio  of  powers 
backscattered  at  VV  and  HH  polarizations,  computed  pixel  by 
pixel  for  one  study  area  in  each  image.  It  is  clear  that  while  the 
means  differ  substantially,  computing  the  ratio  signature  pixel  by 
pixel  is  a  noisy  estimation  technique.  We  obtained  more  stable 
results  by  averaging  VV  and  HH  backscattered  powers  over  each 
individual  study  area  to  estimate  average  powers,  and  then 
computing  the  ratios  of  these  average  powers.  The  results,  versus 
incidence  angle,  are  shown  in  Figure  4.  Data  points  marked  W  are 
from  the  San  Francisco  image  and  definitely  contain  sea  water. 
The  theoretical  signatures  based  on  Bragg  rough  surface 
backscattering  (Winebrenner  et  al.,  1989)  for  sea  water  (relative 
dielectric  constant  70  +  i80)  and  for  sea  ice  (relative  dielectric 
constant  approximately  3.5  +  i0.25)  are  plotted  as  solid  lines. 
Finally,  regions  from  the  Beaufort  Sea  image  are  labeled  I  since 
they  are  likely  to  contain  sea  ice.  The  study  areas  from  the 
Beaufort  Sea  display  a  noisy  but  ice-like  signature.  The  areas 
from  the  San  Francisco  image  show  larger  polarization  ratios  as 
are  expected  for  sea  water  and  follow  the  theoretical  trend  but 
substantially  exceed  the  theoretical  values  for  sea  water.  The 
reason  for  this,  whether  theoretical  or  instrumental,  remains  to  be 
determined. 
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Figure  1.  JPL  L-band  polarimeter  image  of 
San  Francisco  and  adjacent  ocean  areas. 


Figure  2,  JPL  L-band  polarimeter  image  of 
an  area  in  the  Beaufort  Sea. 
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Figure  3.  Observed  distribution  of  polarization  ratio  signatures  for 
particular  test  areas  in  a)  Figure  1  and  b)  Figure  2. 


Incidence  Angle  (degrees) 


Figure  4.  Comparison  of  observed  and  theoretical  polarization 
ratio  signatures  for  areas  containing  sea  water  and  (probably)  new 
sea  ice. 
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Abstract 

This  paper  will  present  an  approach  for  the  separa¬ 
tion  of  scattering  components  using  polarimetric 
radar  data,  measured  in  laboratory  II],  An  artificial 
rough  surface  and  dielectric  cylinders  were  used  as 
targets.  They  were  measured  separately  and 
combined. 

By  comparison  of  the  polarimetric  signatures  (am¬ 
plitude  ratios,  phase  differences  (2],  polarization 
signatures  [3]  and  characteristic  polarization  states 
[41)  of  the  different  measurements,  the  authors  will 
show  methods  to  detect  dielectric  cylinders  on  the 
rough  surface.  Criteria  for  the  separation  of 
scattering  components  with  different  characteris¬ 
tics,  using  laboratory  measured  results  and  evalu¬ 
ating  complex  polarimetric  signatures,  will  be  given. 


behavior.  The  idea  of  the  authors  was  to  simulate  the 
main  components  of  a  vegetated  area,  such  as  forest 
stands,  by  a  dielectric  model.  By  measuring  the 
backscattering  behavior  of  the  model  and  evaluating 
polarimetric  signatures  out  of  these  data 

•  separation  criteria  for  the  different  components, 

•  tools  for  the  identification  of  the  components 
can  be  derived. 

These  separation  criteria  and  the  identification 
parameters,  respectively,  can  be  entered  Into  a  data 
base  for  further  analysis. 

The  laboratory  measurements  were  performed  with 
a  wideband  polarimetric  radar  set-up,  described  In 
[1],  over  a  frequency  range  from  2-20  GHz. 

2.  Definitions 


Keywords 
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l.  Introduction 

The  feasibility  of  information  extraction  from  re¬ 
motely  sensed  radar  images  depends  significantly  on 
the  measurement  parameters,  as  frequency  and 
puidiu^uon.  n  iOc  more  Information  can  be  extracted 
from  polarimetric  signatures  [1,2,3]  than  from  pure 
RCS-values.  The  intention  of  this  paper  is  to  show 
how  such  information  can  be  extracted  from  wide¬ 
band  laboratory  data  for  dielectric  models. 

For  real  vegetated  areas  the  backscattered  signal 
originates  not  only  from  the  vegetation  itself  but  also 
from  the  underlying  rough  soil  surface.  So  there  are 
different  components  contributing  to  the  scattering 


The  fundamental  radar  scattering  behaviour  of  any 
target  can  be  described  by  its  complex  RCS-matrix: 
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It  is  obvious,  that  in  the  moncetatic  case  the  matrix 
Is  described  by  5  real  values,  neglecting  the  absolute 
phase.  For  the  data  evaluation  in  section  4  the 
amplitude  ratios  will  be  used  for  comparative 
purposes. 

From  the  scattering  matrix  the  characteristic  po¬ 
larization  states  (CPS)  [4]  can  be  deduced.  They  de¬ 
liver  the  information  for  which  polarization  states  of 
the  antennas  a  target  is  optimal  detectable  or  in¬ 
visible.  The  mathematical  derivation  of  the  CPS  is 
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given  in  detail  in  [4]  and  will  not  be  treated  further. 
A  diagram  for  visualizing  the  CPS.  based  on  a  pro¬ 
jection  of  the  Poincare  sphere  151.  is  given  in  fig,  1. 


Fig.  1  Poincare  representation  of  a  polarization  state. 

In  this  diagram  a  polarization  state  is  given  in 
spherical  coordinates.  The  longitude  angle  corres¬ 
ponds  to  2  times  the  rotation  angle  of  the  polari¬ 
zation  ellipse,  and  the  lattitude  angle  to  2  times  the 
elliptlcity  angle  of  a  polarization  state  [1].  The 
equator  corresponds  to  linear,  the  poles  to  circular 
polarization. 

3.  Measured  Objects 


The  artificial  statistical  rough  surface  was  built  of  a 
polyethylene  foam  disc  of  1  m  diameter.  Fig.  2  shows 
the  digitized  surface. 
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Fig.  2  Digitized  rough  surface  model 


Its  statistical  parameters  are: 

•  mean  height:  hmean  =  8.4  cm 

•  standard  deviation:  Ahstd  =  2.93  cm 

•  correl.  length:  lcorr  =  5.3  cm 

•  mean  surface  slope:  tp=  48° 

The  dielectric  constant  e  was  1.3. 

The  material  of  the  dielectric  cylinders  was  poly- 
venylchlorid  plastic  with  the  complex  dielectric 


constant  of  e=3+J0.07,  a  height  of  20  cm  and  a  width 
of  2  cm. 

Fig.  3  shows  the  measurement  geometry. 


Top  view 


look  direction  of  die  radar  (incidence  angle  0) 


Fig.  3  Measurement  Geometry 

The  measurements  presented  in  section  4  were  all 
undertaken  for  an  incidence  angle  0=30°.  To  get  a 
statistical  ensemble  of  measured  data  for  one 
incidence  angle,  different  footprints  were  taken  by 
rotating  the  surface  around  its  symmetry  axis. 

4.  Measurement  results 

For  the  principal  understanding  of  the  scattering 
behaviour  of  a  rough  surface  fig.  4  presents  the 
magnitude  of  the  different  components  of  the  RCS- 
matrix  for  the  pure  rough  surface  averaged  over  10 
footprints.  I  Gw  I  and  iGiihl  show  a  almost  identical 
behaviour  versus  frequency,  due  to  the  low  dielectric 
constant.  iGvhl  Is  increasing  with  frequency.  At  17 
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Fig.  4  iGhhl.  iGwl  and  iGvh'  for  the  dielectric  rough  surface 

In  a  second  step  a  set  of  7  cylinders  was  added  to 
the  surface  and  identical  measurements  as  for  the 
pure  surface  were  performed. 

In  fig.  5  the  amplitude  ratios  iVsvvI/l'Vsthhl  are 
compared. 

For  the  pure  surface  this  ratio  is  approximately  1. 
But  with  cylinders,  especially  in  the  frequency  range 
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Fig.  5  iVflwlWfflihl;  rough  surface  (top) ;  rough  surface  with  7 
cylinders  (bottom) 

from  9  to  15  GHz,  larger  ratios  occur  due  the 
cylinders. 

The  polarization  signatures  for  the  rough  surface  at  5 
GHz  (flg.6)  shows  a  typical  rough  surface  behaviour. 
The  maximum  co-polarizatlon  return  results  for 
linear  polarization  and  the  cut  versus  the  rotation 
angle  Is  smooth.  For  the  measurement  with 
cylinders  the  maximum  occurs  for  a  rotation  angle  of 
about  45°,  due  to  the  cylinders. 

At  17  GHz  (fig.  7)  the  rough  surface  behaviour  is  still 
the  same.  But  for  the  combined  measurements  the 
maximum  occurs  no  more  for  linear,  but  for 
elliptical  polarization,  due  to  multiple  reflections. 
Regarding  now  the  cross-poiarization  nuii-pairs 
(XPOL-nulls)  of  the  CPS  (see  [4])  for  the  measure¬ 
ments  at  5  GHz  (fig.  8),  the  difference  Is  more 
clearly.  XPOL-null  means  for  a  radar,  measuring 
cross-polarization,  that  for  this  polarization  state  of 
the  antennas  minimum  power  will  be  returned.  It 
can  be  shown,  that  one  of  the  XPOL-nulls  is  identical 
to  the  COPOL-max,  for  which  a  radar  measuring  co- 
polarization  will  receive  maximum  power. 


Fig.  6  Polarization  Signatures  (f=5  GHz);  rough  surface 
(top);  rough  surface  with  7  cylinders  (bottom) 
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Fig.  7  Polarization  Signatures  (f=17  GHz);  rough  surface 
(top);  rough  surface  with  7  cylinders  (bottom) 
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The  XPOL  nulls  for  the  rough  surface  are  distributed 
along  the  equator  (linear  polarization).  So  no 
significant  rotation  angle  dependency  for  this  target 
is  observed.  For  the  combined  measurement.  XPOL- 
nulls  concentrate  on  a  certain  area  of  the  sphere. 
Here  the  single  cylinder  behaviour  dominates  the 
scattering  behavior. 
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Fig.  8  XPOL-null  pairs  f=5  GHz;  (rough  surface  top;  rough 
surface  plus  cylinders  bottom) 

These  signatures  are  highly  frequency  sensitive.  But 
by  calculating  the  frequency  dependent  statistical 
parameters  of  the  CPS  It  Is  well  suited  to  find 
separation  criteria. 

5.  CONCLUSION 

Out  of  the  results  In  the  previous  section  three  main 
criteria  for  the  detection  of  the  cylinders  on  the 
rough  surface  can  be  derived: 

1.  amplitude-ratio  signatures 

2.  polarization  signature 

3.  statistical  distribution  of  the  optimum  polari¬ 
zation  states  for  different  measurement  samples 
and  different  objects 

The  amplitude  ratio  signatures  give  hints  on  the 
frequencies  where  other  signatures  should  be  eval¬ 
uated  e.g.  CPS.  It  Is  also  a  measure  for  the  symmetry 
of  a  target. 

The  polarization  signature  describes  the  complete 
polarimetric  characteristic  of  a  target  for  one  fre¬ 


quency.  By  comparison  with  signatures  from  well 
known  targets  the  target  scattering  mechanism  can 
be  identified. 

The  CPS,  which  represents  points  of  the  polarization 
signature  for  special  polarization  states  (maxima  or 
minima  in  the  3D-diagrams).  give  nearly  the  same 
information  as  the  polarization  signature.  But  this 
2D-representatlon  Is  easier  to  handle  for  further 
statistical  treatment. 

From  the  resulting  information  a  data  base  will  be 
built  up  for  further  analysis  used  together  with  a 
classification  algorithm  (solution  of  a  multiclass 
problem). 

All  the  above  signatures  are  highly  frequency 
sensitive.  By  using  special  frequencies  (optimum 
frequencies  for  detection  of  a  special  target),  it  is 
possible  to  optimize  classification  tasks. 

Further  targets  and  theoretical  results  will  be 
investigated  in  future.  They  will  be  analyzed  in  the 
same  way  as  described  in  this  paper.  Additionally 
other  types  of  signatures  will  be  analyzed. 
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In  this  paper  we  focus  on  image-contrast  optimization  between  two 
rough-surface  classes.  Our  approach  is  based  strictly  on  polari- 
metric  filtering,  and  therefore,  no  digital  image-processing 
techniques  are  employed.  The  approach  is  tested  on  a  complete 
polarimetric  synthetic  aperture  radar  (POL-SAR)  image  of  the  San 
Francisco  Bay  area.  The  data  have  been  taken  with  the  National 
Aeronautics  and  Space  Administration  -  Jet  Propulsion  Laboratory 
CV-990  L-band  POL-SAR  system,  where  eight  real  numbers  (complex 
elements  of  a  2  x  2  polarization  scattering  matrix)  are  associat¬ 
ed  with  each  image  pixel.  Optimal  transmitted  polarizations 
(corresponding  to  maxima  or  minima  of  reflected  energy)  are  found 
for  each  inage  pixel,  and  the  results  are  analyzed  statistically 
via  a  set  of  joint  two-dimensional  histograms.  This  is  done  for 
both  of  the  rough-surface  classes.  The  image  response  to  the 
"optimal"  incident  polarization  is  then  simulated  digitally  by 
adjusting  the  receiver  polarization  according  to  the  modes  of  the 
histograms.  The  corresponding  images  are  computed  and  displayed 
with  significant  image-contrast  improvement. 
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ABSTRACT 

The  First  ISLSCP  Field  Experiment  (FIFE)  was  conducted 
during  1987  on  a  15x15  km  area  in  central  Kansas,  including 
the  Konza  Prairie  Natural  Research  Area.  The  experiment  goal  of 
understanding  and  modeling  the  effects  of  vegetation  on  the  heat 
and  mass  fluxes  in  the  atmosphere/land  surface  boundary  layer 
required  a  flexible  and  responsive  information  system  with 
georeferenced  data  to  permit  the  necessary  coordinated  analyses. 
The  FIFE  Information  System  (FIS)  met  this  goal  in  a  variety  of 
ways,  depending  on  the  type  of  data  and  the  type  of  scientific 
investigation  involved. 

The  FIS  has  served  the  FIFE  investigators  as  a  tool  for 
experiment  design,  as  well  as  for  organizing  and  manipulating  the 
complex  data  set.  Two  specific  requirements  were  rapid  and 
simple  access  to  specialized  user  specified  data  sets  and  quick 
evolution  as  the  science  needs  changed.  As  a  result,  the  FIS 
differs  in  several  important  ways  from  "classical”  data  systems, 
covering  the  spectrum  of  conceptual,  managerial,  and 
organizational  issues. 

Our  experience  indicates  that  the  design,  development,  and 
operation  of  an  information  system  supporting  such  an 
experiment  must  be  flexible  and  under  direct  day-to-day  control 
of  scientist/users.  This  experience  has  also  led  to  a  number  of 
observations  (both  technological  and  organizational)  for 
designing  and  building  both  future  experiment  support  data  bases 
and  long  term  data  systems  supporting  scientific  research. 


KEY  WORDS:  FIFE,  INFORMATION  SYSTEMS,  ISLSCP 


FIFE 

The  goal  of  the  International  Satellite  Land 
Surface  Climatology  Project  (ISLSCP)  is  to  develop 
t9chniqu9s  to  d9t9rroip0  surfacs  climatology  from 
satellite  acquired  data.  The  First  ISLSCP  FieL 
Experiment  (FIFE)  was  designed  to  collect  a 
coordinated  data  set  useful  for  developing  and 
validating  the  models  this  goal  requires. 
Particular  attention  was  directed  toward  the  mass 
and  energy  balances  at  the  land 
surface/atmosphere  boundary,  including  the  role  of 
biology  in  controlling  the  interactions  there.  The 
experiment  was  also  to  explore  the  use  of 


satellite  observations  to  infer  climatologically 
significant  land-surface  parameters  related  to 
these  interactions.  For  further  details,  see 
Sellers,  et  al.  (1988). 

An  integral  part  of  the  FIFE  Science  Plan 
(Schmugge  and  Sellers,  1986)  was  a  data  system 
which  could  serve  the  FIFE  investigators  as  a  tool 
for  experiment  design  as  well  as  for  organizing 
and  manipulating  the  complex  data  set  during  and 
after  the  data  collection  effort.  A  dedicated, 
remotely  accessible  data  system  was  set  up  at 
NASA's  Goddard  Space  Flight  Center  (GSFC)  to  meet 
this  requirement.  In  the  following  sections  we 
describe  the  general  features  of  the  system,  what 
kinds  and  amounts  of  data  are  involved,  and  how 
the  data  are  organized  and  used.  In  addition,  we 
discuss  some  general  data  system  management 
issues  and  how  the  FIS  experience  may  bear  on 
future  data  system  efforts. 


FIS 

The  decision  to  develop  a  dedicated  FIFE 
Information  System  (FIS)  was  made  in  October 
1986  after  a  thorough  review  of  available 
alternatives  (e.g.  NASA's  Pilot  Land  Data  System, 
Wharton  and  Newcomer,  1988).  The  three 
objectives  of  FIS  were  to:  a)  capture  and  preserve 
the  FIFE  data,  b)  distribute  the  data  to  the 
investigators  as  rapidly  as  possible  (preferably  by 
interactive  remote  access),  and  c)  function  as  an 
experiment  design  and  analysis  tool.  These 
objectives  were  driven  by  experiment  deadlines, 
which  implied  a  responsiveness  and  flexibility  not 
available  using  standard  development 
methodologies.  Existing  technology  (hardware  and 
software)  was  used,  and  the  effort  was  organized 
in  a  way  that  could  tolerate  the  unavoidable 
changes  in  priorities,  configurations,  and  designs 
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which  one  expects  from  an  active  experiment. 

FIS  is  an  active  exchange  mechanism  for  the 
cooperative  analysis  of  data.  The  first  data 
submission  typically  occurs  with  the  data  in  a 
very  preliminary  state,  perhaps  simply  converted 
to  physical  units  with  no  checking.  In  this 
framework,  there  are  three  general  processing 
stages  for  data  submitted  to  FIS. 

In  the  first  stage,  a  data  set  is  inventoried  and 
archived,  processed  as  necessary  into  FIFE 
standard  formats  (e.g.  tapes  or  online  tables),  and 
associated  with  preliminary  documentation.  At 
this  stage,  FIS  personnel  try  to  establish  an  active 
scientific  communication  with  the  investigator, 
which  not  only  educates  both,  but  creates 
important  lines  of  communication  for  serving 
users. 

The  second  stage  in  the  life  of  the  data  base  is 
vigorous  use,  analysis,  revision,  and  update  of  the 
data  base  information.  During  this  stage,  a 
particularly  important  feature  of  the  structure  of 
the  FIS  online  data  base  is  the  quality  code  and 
revision  date  tag  which  are  included  with  each 
data  record. 

In  the  third  stage,  the  data  system  receives 
"derived"  and  refined  "key"  data  sets  for  final 
archiving.  This  activity  has  not  yet  started  for 
FIS,  but  it  is  anticipated  that  it  will  be  a  major 
function  for  the  final  two  analysis  years  of  FIFE. 
The  integrated  FIFE  data  set,  it  appears,  will  be 
useful  to  explore  many  scientific  questions  which 
are  beyond  the  scope  and  resources  of  the  FIFE 
project  itself. 


DATATYPES,  VOLUMES,  STANDARDS 


The 
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gigabytes  and  will  probably  approach  100 
gigabytes  as  The  data  processing  and  reduction 
continue.  Most  of  these  data  are  the  "raw"  (Level 
0)  imagery,  as  indicated  in  Table  1.  A  reduction 
factor  of  about  20  is  achieved  as  the  imagery  is 
screened  for  suitability  for  further  analysis  during 
processing  io  Level  i  (reformatts j,  with  iocation 
information  added)  or  Level  2  (geometrically 
and/or  radiometrically  corrected).  In  addition, 
there  are  over  70  online  tables  of  data,  inventory, 
and  reference  information,  occupying 
approximately  150  megabytes  of  disk  storage.  An 
archive  of  analog  data,  primarily  maps, 
photography,  and  video  tapes,  is  also  part  of  the 
data  system. 

It  is  probably  obvious  that  the  combination  of 
data  set  diversity  and  volume  could  only  be 
handled  by  establishing  some  input  and  output 


TABLE  1 

IMAGE  DATA  IN  FIS 


THOUSAND 


TYPE 

NUMB 

MBYTES 

ASAS 

- 

- 

etc 

1765 

2.210 

GCES 

18269 

0.018 

LAC 

1501 

64.701 

NS001 

592 

12.874 

PBMR 

. 

■ 

TIMS 

614 

7.388 

TM 

16 

1.336 

SPOT/XS 

37 

0.953 

SPOT/PAN 

3 

0.103 

TOT 

89.583 

standards.  At  the  same  time,  we  faced  the 
constraint  of  avoiding  a  rigidity  which  would 
discourage  submission  of  data  to  the  system  or  act 
as  a  barrier  to  access  by  potential  users.  Thus,  we 
looked  for  common  or  near-universal  capabilities 
in  defining  working  standards  in  three  areas: 
formats,  measurement  units,  and  coordinate 
systems. 


ACCESSING  THE  DATA: 

COORDINATE  REFERENCING 

The  time  and  three-dimensional  spatial 
location  of  each  measurement  is  crucial  to  the 
derivation  of  the  energy  and  mass  fluxes  through 
the  FIFE  site.  Thus,  the  data  system  was  required 
to  provide  coordinate  information  with  ail  data 
sets.  In  the  FIS,  this  information  is  associated 
with  each  data  set  as  it  is  assimilated  into  the 
system.  The  methods  range  from  storing  explicit 
values  for  point  source  data  to  appending 
georeterence  files  as  additional  layers  to  image 
products.  The  method  used  depends  largely  on  the 
physical  dimensionality  of  the  measurement 
technique  (Table  2). 

For  point  (0-D)  data,  a  reference  data  base 
table  is  used  to  label  each  of  the  FIFE  sites  with 
an  identifier  and  store  its  geographic  position, 
elevation,  slope,  and  aspect.  Linear  (1-D)  data 
sets  are  inventoried  with  a  starting  and  ending 

TABLE  2 

DATA  DIMENSION  VS  REFERENCE  METHOD 

DIMENSION  EXAMPLE  METHOD 

0  SOIL  MOISTURE  AT  A  GIVEN  POINT  SITE  ID  # 

1  TRACEGASESOVERTRANSECT  PAIRED  SITE  It’S 

2  MULTISPECTRAL  IMAGERY  LAT, LONG  FILES 

3  AIRCRAFT  RUX  MEASURMENTS  X.Y.Z  COORD 


44 


geographic  location  for  the  total  transect  and  the 
postion  (distance)  of  each  actual  measurement 
along  the  transect  is  kept  in  the  data  records  with 
the  variables  measured.  For  area  (2-D)  data  such 
as  images,  minimum  and  maximum  values  of 
latitude  and  longitude  are  stored  in  inventory 
tables  along  with  platform  heading,  altitude,  and 
ranges  of  view  and  solar  angles.  When  images  are 
processed,  point  by  point  latitude  and  longitutde 
information  is  calculated  and  appended  as  separate 
files  to  the  data  tape.  Some  volume  (3-D)  data 
have  been  included  in  the  data  base  by  including  an 
altitude  and  latitude  and  longitude  coordinates  for 
the  beginning  and  end  of  the  flight  line.  An 
alternate  method  may  be  considered  for  the 
derived  flux  data  sets,  e.g.  listing  the  coordinates 
of  three  corners  of  the  rectangular  volume  being 
sampled. 


UTILIZATION 

A  "rapid  prototype"  phase  of  the  FIS  provided 
critical  support  for  the  two  experiment  design 
workshops,  held  in  December,  1986  and  March, 
1987.  Pre-field  season  monitoring  started  in 
January,  1987  with  the  acquisition  of  satellite 
images  and  conventional  weather  data.  Routine  FIS 
processing  and  data  distribution  began  soon 
thereafter,  with  emphasis  on  products  (e.g.  GIS 
data)  useful  in  experiment  planning.  Between 
IFC's,  some  specific  data  sets  were  given  rapid 
turn-around  to  provide  "quick  look"  analyses  of 
field  data. 

Tne  online  data  base  was  opened  for  remote 
access  by  the  beginning  of  the  October  1987  field 
campaign,  just  under  one  year  from  the  decision  to 
build  FIS.  User  logins  climbed  rapidly  during  the 
Fall  of  1987  to  well  over  100  per  month,  and  this 
level  has  been  maintained  through  1988  and  into 
1989.  During  this  period  the  primary  use  of  the 
online  porition  of  FIS  has  been  to  obtain  supporting 
data  sets  interactively  and  to  obtain  information 
about  processed  image  tapes,  which  are  then 
distiibuted  by  mail.  The  interactive  usage  shows 
increasingly  intense  periods.  Use  of  the  analog 
data  and  documentation  in  the  archive  located  at 
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frequent. 

The  integrated  analysis  and  modeling  phase  of 
the  experiment  is  just  beginning.  In  addition, 
plans  are  being  completed  to  open  FIS  for  access 
by  investigators  outside  of  the  FIFE  project.  Both 
of  these  factors  are  expected  to  subject  the 
system  to  even  more  vigorous  usage. 


ORGANIZATION  &  MANAGEMENT 

The  objective  of  supporting  an  active  field 
experiment  imposed  requirements  to  provide  rapid 
and  simple  access  to  specialized  user-specfied 
data  sets  and  to  evolve  quickly  as  the  science 
needs  changed  or  new  instruments  or  procedures 
were  developed.  This  led  us  to  apply  concepts 
from  complex  system  theory  instead  of  using  the 
standard  software  project  management 
approaches.  In  this  view,  the  information  system 
is  an  integrated  "organism"  composed  of  people, 
hardware,  and  software  which  must  adaptively 
respond  to  a  fluctuating  mix  of  input  data  and 
output  demands. 

Developing  such  a  system  required  an  approach 
different  from  the  traditional  sequential  method 
of  systems  development  (see  Figure  1).  FIS  was 
built  in  an  applications  environment  with  constant 
review  and  input  from  practicing  scientists, 

Fig.  1  In  a  classical  approach,  users  are  largely  excluded  from 
boxed  processes.  In  the  FIS/complex  systems  approach  users  are 
involved  at  each  step  (gray  arrows),  in  an  ongoing  iterative 
process.  This  can  tolerate  relatively  vague,  difficult  to  specify, 
or  changing  requirements,  and  transition  naturally  from 
development  to  operations. 
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including  those  doing  the  field  experiment.  As  the 
realities  of  data  collection  modified  the 
investigators'  requirements  and  data,  the  data 
system  contents  and  development  priorities  were 
restructured  accordingly.  It  should  be  emphasized 
that  this  does  not  represent  poor  planning  - 
experimental  science  is  a  dynamic,  exploratory 
process.  A  data  system  which  has  an  active  (vs. 
archival)  role  must  necessarily  be  equally 
dynamic,  which  the  sequential  development  model 
cannot  provide. 

DATA  SYSTEMS  FOR  FUTURE  EXPERIMENTS 

The  successes  of  FIFE  are  already  suggesting 
new  experiments.  A  likely  future  experiment 
would  involve  two  or  more  FIFE-type  sites, 
instruments  with  increased  spectral  resolution 
(i.e.  data  volume),  and  additional  groups  of 
investigators  representing  new  disciplines  (e.g. 
tropospheric  chemistry).  A  data  volume  of  5-10 
times  FIFE’S  could  be  anticipated  for  such  an 
experiment  in  the  early  1990's,  i.e.  500  to  1000 
Gigabytes.  In  addition,  the  experiment  would 
require  more  extensive  geographical  data,  a  large 
initial  image  base  for  planning,  more  decentralized 
data  base  facilities,  and  more  active  field  support. 

The  FIS  experience  points  the  way  to  handling 
the  increased  data  volume  and  integration 
problems.  The  technological  capacity  to  meet  this 
demand  is  now  available  "off  the  shelf".  We 
conceive  of  investigators  with  high  powered 
workstations  supporting  a  suite  of  interactive 
data  base  tools  like  those  developed  for  FIFE.  The 
PI  workstations  then  become  individual  elements 
of  the  complete  data  system,  as  distinct  from  a 
"window"  to  a  massive  central  facility.  In 
addition,  similar  fixed  and  mobile  workstations 
would  be  available  in  the  field.  A  central 
experiment-specific  database/archive  would  serve 
as  the  focus  for  the  cooperative  organization, 
distribution,  and  quality  assurance  of  the  data,  as 
well  as  be  the  home  base  for  a  scientifically  and 
technically  well  versed  data  system 
development/user  support  organization. 

The  most  critical  feature,  though,  will  be  the 
managerial  organization  of  the  effort  as  discussed 
above.  It  appears  that  the  design,  development, 
and  operation  of  an  information  system  supporting 
such  an  experiment  must  be  flexible  and  under 
direct  day-to-day  control  of  scientist/users.  This 
is  necessary  to  incorporate  diverse  data  types  in  a 
systematic  v/ay  as  they  become  available,  to  add 
scientific  rigor  by  identifying  data  gaps,  and  to 
provide  real-time  quality  assurance,  and  to 
incorporate  (and  change  as  understanding  evolves) 


scientifically  meaningful  organization  into  the 
database  tables  and  user  interface.  Equally 
important,  this  management  approach  emphasizes 
that  the  data  system  and  its  coordinator  (the 
experiment  "Information  Scientist")  must 
understand  and  respond  rapidly  to  the  evolving 
requirements  characteristic  of  active  scientific 
research. 

CONCLUSION 

The  FIS  has  successfully  completed  the  inital 
data  absorption  task  and  is  in  the  midst  of 
restructuring  and  revision.  The  next  requirement 
is  for  public  access  to  the  data  and  a  permanent 
archive.  A  policy  for  open  access  by  interested 
investigators  will  be  put  in  place  during  1989.  It 
appears  that  archiving  can  also  be  handled  with  an 
extention  of  the  procedures  already  being  used.  An 
archive  could  take  many  forms,  including  a  central 
facility  like  NASA's  Pilot  Land  Data  System,  a  long 
term  archive  at  NSF’s  Konza  Prairie  LTER,  or  even 
distribution  of  the  data  archive  on  CD-ROM  or 
other  media  by  a  private  organization. 

We  expect  future  experiments  to  require  much 
the  same  approach  as  was  taken  by  FIS,  up  to  and 
during  the  Eos  era  (NASA,  1986).  That  is,  such 
active  experiment  support  data  system  efforts 
must  be  accommodated  separately  from  the 
centralized  activities  of  EosDIS  (Dutton,  1989, 
Chase,  1989). 
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Many  surface  process  studies  require  the  ability  to  characterize  the  physical 
nature  (c.g.  morphology,  roughness,  dielectric  properties)  as  well  as  the 
composition  of  the  Earth's  surface.  The  complement  of  instruments  currently 
planned  for  the  future,  for  example,  the  Shuttle  Imaging  Radar  (SIR-C),  the  Earth 
Observing  System  (Eos)  Synthetic  Aperture  Radar  (SAR),  High-Resolution 
Imaging  Spectrometer  (H1RIS),  Japanese  Intermediate  Thermal  Infrared 
Radiometer  (ITIR),  and  the  proposed  Thermal  Infrared  Ground  Emission 
Radiometer  (TIGER)  will  provide  the  basic  measurements  required  for  this  sort  of 
characterization  over  large  areas.  Airborne  sensors  that  arc  currently 
operational  provide  end-to-end  prototypes  for  these  instruments.  Thus,  analysis 
tools  developed  for  aircraft  data  sets  can  be  applied  to  future  data  sets  as  well. 

A  Geologic  Remote  Sensing  Field  Experiment  (GRSFE)  is  currently  planned  for  July 
1989.  Current  plans  for  this  experiment  arc  to  acquire  coordinated  Airborne 
Visible  and  Infrared  Imaging  Spectrometer  (AVIRIS),  Thermal  Infrared 
Multispcctral  Scanner  (TIMS),  and  NASA/JPL  multipolarization  aircraft  SAR  data, 
with  associated  Field  measurements.  These  data  will  be  archived  on  a  CDROM  and 
distributed  to  the  scientific  community.  GRSFE  will  concentrate  on  sites  with 
minimal  to  no  vegetation  cover  and  flat  to  medium  relief.  Sites  with  increasing 
complexity  will  be  selected  for  later  experiments  based  on  results  of  GRSFE. 

To  prepare  for  GRSFE,  over  two  dozen  scientists  from  Washington  University, 
Arizona  State  University  and  JPL  participated  in  a  coordinated  aircraft 
deployment  and  field  measurement  campaign  in  the  Mojave  Desert  from  May  29- 
Junc  3.  1988.  Diurnal  thermal  data  were  collected  with  TIMS  and  L-,  C-,  and  P-band 
polarimctric  aircraft  SAR  data  were  acquired  at  three  incidence  angles  over 
Pisgah  Crater,  which  is  approximately  80  km  cast  of  Barstow,  CA.  Five  "modeling 
sites"  were  selected  which  ranged  in  roughness  from  2  to  70  cm  r.m.s.  Field 
measurements  included  meteorological  measurements,  surface  and  subsurface 
temperature  measurements  over  the  diurnal  cycle,  soil  complex  dielectric 
constant,  and  vegetation  density.  Stereo  photographs  were  acquired  with  a 
helicopter-mounted  camera  system  for  derivation  of  microtopographic  profiles  of 
surface  roughness.  In  addition,  samples  were  collected  for  laboratory  XRD 
analysis,  soil  moisture,  and  whole-rock  dielectric  constant  measurements. 

Some  of  the  data  acquired  during  the  Mojave  Field  Experiment  arc  being  used  to 
verify  radar  backscattcr  models  of  surface  roughness  and  dielectric  constant; 
determine  the  multiscnsor  signatures  of  desert  surfaces  of  differing  ages;  and 
evaluate  the  effects  of  surface  modification  processes  on  these  signatures.  We  will 
describe  the  data  analysis  technique  development  associated  with  these  activities, 
emphasizing  registration  of  imaging  radar  polarimetcr  data  sets,  and  multiscnsor 
image  analysis.  It  should  be  noted  that  while  this  investigation  focuses  on 
geologic  process  studies,  the  algorithms  and  software  arc  of  general  use  in 
analysis  of  aircraft  or  spaccbornc  SAR  data. 
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Abstract.  Except  for  some  experimental 
cases,  the  design  of  present-day  GIS  is  based 
on  Boolean  logic,  a  rigid  two-valued 
mathematical  system  which  gives  no  room  for 
imprecision  in  information  and  human  thought 
processes.  Though  they  seem  to  be  quite 
satisfactory  in  performing  data  acquisition, 
input,  storage,  retrieval,  analysis,  and 
output,  they  are  far  from  a  desirable  system 
with  human  intelligence  and  expertise.  It  is 
argued  in  this  paper  that  fuzzy  logic,  in 
addition  to  providing  a  more  adequate  logical 
system,  appears  to  be  instrumental  to  the 
design  of  knowledge-based  GIS.  It  serves  as  a 
basis  for  data  manipulation,  knowledge 
representation,  and  inference  with  geographic 
databases . 

Keywords.  fuzzy  logic,  fuzzy  queries, 
knowledge  representation,  inference,  expert 
systems 

I .  INTRODUCTION 

Present-day  GIS  is  a  georeference  system 
for  the  acquisition,  storage,  retrieval, 
manipulation,  analysis,  and  display  of  data. 
Though  they  appear  to  be  quite  satisfactory 
in  performing  most  of  the  above  functions, 
they  are  still  just  a  relatively  sophistica¬ 
ted  data  processing  system  with  conceptual 
shortcomings  and  very  limited  human 
intelligence  and  experience.  Automation  of 
data  input,  retrieval,  analysis,  and  output 
is  still  primitive  in  terms  of  capturing  the 
complicated  and  imprecise  real  world  and 
replicating  human  wisdom  and  expertise. 

At  present,  human  intelligence  has  not 
been  effectively  integrated  into  data  input, 
retrieval,  analysis,  and  output.  These 
operations  are  usually  driven  by  menus  or 
procedures  which  leave  very  little  room  for 
flexibility  and  automation  ot  users' 
expertise.  Available  GIS  do  not  provide 
facilities  to  aid  users  to  design  their  own 
decisionmaking  systems  in  geoprocessing. 
These  systems  are  too  mechanical  to  have  any 
values  in  complex  decisionmaking  environment. 

With  respect  to  logical  foundations, 
present-day  GIS  are  predominantly  based  on 
Boolean  logic.  It  is  especially  so  in  data 


retrieval  and  overlay  operations.  The  all-or- 
nothing  mathematical  system  of  Boolean  logic 
has  however  been  demonstrated  to  be 
inadequate  for  spatial  analysis  and  planning 
in  general  (Leung  1988)  as  well  as  spatial 
classification  and  boundary  delimitations  in 
particular  (Leung  1984,  1985,  1987).  It  is 
well-known  in  the  GIS  community  that  overlay 
by  Boolean  logic  generally  ends  up  with  loss 
and/or  misrepresentation  of  information.  It 
forces  artificial  precision  on  our  otherwise 
imprecise  information  and  thought  processes. 
It  arbitrarily  screens  out  intrinsic 
imprecision  in  our  database  which  might  be 
essential  in  our  analysis.  It  fails  to 
communicate  the  extent  of  imprecision  or 
error  to  users.  Therefore,  results  of  overlay 
unravel  more  questions  about  data  quality  and 
boundary  mismatch  than  they  solve  (McAlpine 
and  Cook  1971,  Burrough  1986).  Similar 
problems  also  exist  in  other  data  analysis 
and  cartographic  modeling  exercises.  It  is 
thus  imperative  to  have  a  more  appropriate 
logical  system  for  the  design  of  GIS.  Such  a 
system  should  be  able  to  handle  and  to 
communicate  precise  and  imprecise  informa¬ 
tion.  It  should  also  be  instrumental  in  the 
design  of  intelligent  GIS. 

A  basic  requirement  of  a  knowledge-based 
GIS  is  the  ability  to  process  natural 
languages  in  an  appropriate  manner. 
Information  and  knowledge  representations, 
inferences,  input  and  output  controls,  and 
interfaces  all  involve  the  use  of  natural 
languages  which  are  intrinsically  imprecise. 
Fuzzy  sets  theory  in  general  and  fuzzy  logic 
in  particular  are  instrumental  to  process 
natural  language.  Inspite  of  this  necessity, 
only  a  handful  of  knowledge-based  GIS 
incorporates  some  limited  sort  of 
capabilities  in  handling  imprecision  of 
information  and  knowledge.  The  use  of  fuzzy 
sets  in  database  design  (Robinson  and 
Strahler  1984),  representation  of  fuzzy 
spatial  concepts,  data,  and  relationships 
(Robinson  1984,  Robinove  1986),  query  of 
spatial  information  (Robinson  et  al.  1985), 
and  cartography  (Bouille  1982,  Muller  1987) 
have  been  proposed.  All  these  studies  however 
do  not  have  a  solid  grounding  of  the 
mathematical  and  logical  structures  necessary 
for  such  a  line  of  development. 
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The  purpose  of  this  paper  is  to  outline 
in  brief  an  on-going  project  on  the  fuzzy- 
logic  foundation  for  constructing  knowledge- 
based  GIS  (Leung  1989a,  b,  c,  d,  e) .  Emphasis 
is  placed  on  general  principles  rather  than 
specifics  in  this  paper. 

II.  REPRESENTATION  OF  KNOWLEDGE 


fuzzy  proposition 

p:  X  is  A,  (5) 

where  A  is  a  fuzzy  n-ary  relation  in  the 
Cartesian  product  U  =  4  x  ...  x  Un,  can  be 

translated  into 


The  mathematical  representation  of  fuzzy 
propositions  is  instrumental  to  formulate 
formal  procedures  for  constructing  queries 
and  making  inferences  in  knowledge-based  GIS. 
To  make  it  operational,  we  also  have  to 
represent  it  in  terms  of  a  database  (Leung 
1989b,  c)  . 

In  general,  any  fuzzy  proposition  can  be 
represented  in  terms  of  a  relation  in  a 
relational  database 


n 


(X 


1' 


(6) 


such  that 

Poss  (X^  =  Uj^,  ....  Xn  =  un> 

“  "(x1 . V<Ul'  Un> 
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R  ( A. . A  )  (1) 

1  n 

where  R  is  a  relation  and  A^  is  an  attribute 
(variable)  taking  values  in  U^,  i  =  1,...,  n. 


In  a  GIS  for  climatic  classification,  we 
can  have  the  following  relations  in  the 
database : 

PIXEL (NAME,  PRECIPITATION)  (2) 
ADEQUATE (NAME,  P)  (3) 


where  p  in  (3)  is  the  grade  of  membership  of 
a  pixel  having  a  specific  precipitation  u 
computed  by  a  membership  function  defining 
adequate: 
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Since,  a  fuzzy  proposition  can  always  be 
translated  into  a  possibility  distribution 
which  in  turn  can  be  expressed  as  a  relation 
in  a  relational  database,  propositions  about 
spatial  relationships  such  as  long  distance, 
approximately  equilateral  triangle,  a 
somewhat  north  direction,  and  adjacent  places 
can  be  regarded  as  relations  with  the 
following  respective  frames: 

| _ LONG  I  Distance  I  P  I 

L^gP^QXIMATELY  EQUILATERAL  TRIANGE  8  A|B|c|p| 

| _ SOMEWHAT  NORTH  II  Bearing  I  P  I 

| _ ADJACENT  I  Name  1  I  Name  2  I  p  I 


Without  loss  of  generality,  let  X  =  (X^, 

. . . ,  X  )  be  a  n-ary  variable  in  which  X, 
n  1 

takes  values  in  U^,  i  =  1,  ...,  n.  Then  the 


In  identifying  climatic  classes,  we  can 
for  example  have  a  proposition 

p:  X  is  subtropical.  (8) 

The  term  " subtropical "  can  be  a  fuzzy  binary 
relation  such  that 

subtropical  =  warm  x  adequate 

precipitation  (9) 


III.  FUZZY  QUERIES 

Adequate  representation  of  knowledge  is 
instrumental  to  do  overlay,  data  retrieval, 
and  inference.  A  mandatory  feature  of  a 
knowledge-based  GIS  is  the  ability  to 
entertain  fuzzy  queries  and  return  relevant 
Information  to  users.  To  shed  some  light  on 
this  matter,  the  basic  structure  of  a  fuzzy 
query  is  examined  in  the  following. 

To  be  able  to  represent  a  query,  we  need 
the  concept  of  a  relational  formula  (Leung 
1989b) 


R(t 


1' 


V 


(10) 


where  R  is  a  relation  and  4,  i  =  1,  ...,  n, 

is  a  tagged  term  indicating  the  condition  of 
the  attribute  A^  For  example,  4  can  be  of 

the  following  forms: 

(a)  A ^  =>  variable  name, 

(b)  A^  *  numerical  or  linguistic  value, 


(c)  At  *  (2, 

< 

“  1 

>,  <)  a 

numerical  value. 

A  fuzzy 
expressed  as 

query 

in  general  can  be 

R1  +  R2 

+  . 
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where  R^ ,  i 

a 

1 . 

n,  is  a  relational 

formula;  F^, 
formula,  L^; 

j 

=  1, 

...,  r,  is  a  fuzzy 

k 

3  1  t  • 

. ..,  q,  is  a  precise 

formula  (a 

formula  with  precise  built-in 

predicates) ; 

and  +  means  the  union. 
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Therefore,  a  fuzzy  query  consists  of 
imprecise  and  precise  conditions.  Precise 
queries  are  only  special  cases.  A  fuzzy  query 
is  successfully  processed  if  we  can  find  and 
arrange  all  spatial  units,  e.g.  pixels  or 
polygons,  which  satisfy  the  relational, 
fuzzy,  and  precise  formulas  in  a  graded 
manner . 

In  the  example  of  climatic  classifica¬ 
tion,  the  query 

"List  the  precipitation  and  tempera¬ 
ture  of  all  pixels  with  adequate 
precipitation  and  a4 temperature  greater 
than  or  equal  to  23*C"  (12) 

can  be  expressed  as 


Here,  the  conclusion  in  (16)  would  not  be 
possible  under  standard  logic  because  high  * 
quite  high  and  low  *  quite  low.  However,  such 
a  reasoning  process  agrees  with  our 
intuition. 

Unlike  standard  logic,  FL  allows  the 
existence  of  fuzzy  predicates  in  both  the 
premises  and  the  conclusion.  We  can  deduce 
through  FL  possibly  imprecise  conclusions 
from  a  set  of  imprecise  premises.  Given  a 
major  premise,  we  can  theoretically  deduce, 
from  minor  premises  with  approximately  equal 
antecedents,  conclusions  which  are  approxi¬ 
mately  equal  to  that  of  the  major  premise. 
This  is  a  natural,  flexible,  and  efficient 
way  to  manage  inferences  in  knowledge-based 
GIS. 


PIXEUName  =  x,  Precipitation  =  u. 
Temperature  =  v)  + 

ADEQUATE (x)  + 

v  >  23*C  (13) 

where  PIXEL(Name  =  x,  Precipitation  =  u, 
Temperature  =  v)  is  a  relational  formula; 
ADEQUATE (x)  is  a  fuzzy  formula;  and  v  £  23*C 
is  a  precise  formula. 

Under  this  situation,  the  system  will 
find  all  pixels  which  satisfy  the  relational 
formula  PIXELfName  =  x.  Precipitation  =  u, 
Temperature  =  v)  from  the  frame 

I  PIXEL  II  Marne  |  Precipitation  [Temperature  | . 

It  then  f.inds  all  pixels  whose  temperature  is 
above  23*C  and  then  search  and  arrange  in 
order  all  these  pixels  from  the  frame 


Among  the  rules  of  inference  in  FL 
(Leung  1989d) ,  generalized  Modus  Ponens  and 
Modus  Tollens  are  useful  schemata  for  making 
inference  in  GIS.  The  inferential  procedure 
of  the  former  can  be  expressed  as 


p  — *  q:  If  X  is  A  then  Y  is  B 
Px:  X  is  A^ 

---  Y_is~B~ 

In  semantic  form,  (17)  becomes 


(17) 


p  — »  q  — ■»  n(y|X)  =  R(A'  B) 


ql  * —  °Y  =  Ai  °  R<A'  B>  =  Bi 


(18) 


| _ ADEQUATE  II  Precipitation  I  u  1 

by  their  degree  of  belonging,  p,  to  adequate. 
IV.  FUZZY  INFERENCE 


where  X,  Y,  and  Z  take  values  in  U,  V,  and  W 
respectively;  n<y|x)  a  conditional 

possibility  distribution  equated  with  the 
fuzzy  relation  R(A,  B)  induced  by  the 
implication  p  — >  q. 


Fuzzy  logic,  similar  to  standard  logic, 
depends  on  some  rules  of  inference  to  deduce 
conclusions  from  a  set  of  premises.  In 
standard  logic,  the  antecedent  in  the  minor 
premise  has  to  confirm  precisely,  or  match 
exactly,  that  of  the  major  premise  before  the 
consequence  of  the  major  premise  can  be 
regarded  as  the  conclusion.  This  however  is 
not  flexible  and  realistic  enough  to  model 
human  inference  in  which  the  antecedents  of 
the  major  and  minor  premises  might 
approximately  be  equal.  Under  this  situation, 
the  best  we  can  say  is  that  the  conclusion 
could  only  be  approximately  equal  lo  the 
consequence  of  the  major  premise. 

In  knowledge-based  GIS,  the  following 
are  typical  examples: 

Major  premise:  If  temperature  is  high, 

then  the  pressure  is  low.  (14) 


In  FL,  a  generalization  of  Modus  Ponens 
is  made  possible  by  permitting  the  existence 
of  A^  close  to  A  and  B^  close  to  B.  For 

example, 

p  — >  q:  If  temperature (X)  is  high( A) 
then  pressure (V)  is  low( B) 

p.  :  Temperature (X)  is  very  high[ A,) 

_ ± - i-  (19) 

q^:  Pressure(V)  is  very  low(B^) 


Similarly,  generalized  Modus  Tollens  can 
be  expressed  as 


p  — >  q:  If  X  is  A  then  Y  is  B 


X  is  ->A, 


Y  is  -iBx 


or  in  semantic  form 


(20) 


Minor  premise:  The  temperature  in  pixel  X 

is  quite  high.  (15) 

Approximate  conclusion:  The  pressure  in 

pixel  X  should  be 
quite  low.  (16) 


p  — >  q  — *  n(Y|X)  =  R(A,  B) 

P1 

_ pi  ->  ny  :  -,Bi 

qx  < —  nx  =  R (A,  B)  o  -iBx  =  -IAX 


(21) 
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To  be  able  to  make  inference  which 
agrees  with  commonsense,  acquisition  of  know¬ 
ledge  from  users  in  general  and  experts  in 
particular  are  of  utmost  importance.  Various 
methods  for  the  acquisition  of  fuzzy  terms 
and  rules  for  knowledge-based  GIS  are 
discussed  in  Leung  (1989e)  and  are  not 
elaborated  here. 

V.  CONCLUSION 

To  recapitulate,  existing  GIS  are  based 
on  Boolean  logic  which  is  inappropriate  to 
handle  imprecision.  They  are  not  intelligent 
geoprocessing  systems  with  human  knowledge 
and  expertise.  Their  input,  storage,  query, 
analysis,  and  output  functions  are  rudimen¬ 
tary  and  should  be  enhanced  through 
artificial  intelligence  techniques  in  general 
and  expert  systems  technologies  in  parti¬ 
cular.  GIS  should  be  looked  at  as  a  basic 
subsystem  within  the  general  framework  of  a 
spatial  decision  support  system  which 
consists  of  a  GIS,  an  expert  system  shell, 
and  an  analytical  module.  A  natural-language 
interface  should  be  constructed  to  integrate 
the  three  basic  subsystems.  The  expert  system 
serves  as  the  brain  of  the  whole  system.  It 
handles  knowledge-bases  and  inference 
procedures.  It  directs  the  flows  of  data  in 
and  out  of  the  GIS  and  provides  rule-based 
inferences.  The  analytical-model  subsystem  is 
called  upon  if  problems  need  to  be  solved  by 
algorithms  or  existing  spatial  models.  The 
GIS  performs  data  input,  storage,  retrieval, 
and  output  functions.  In  most  cases,  spatial 
queries  and  analyses  are  handled  by  the 
expert  system  and  analytical  model  subsystem. 
Though  each  subsystem  has  its  own 
architecture,  they  however  have  mutual 
feedbacks  in  terms  of  an  integrated  design 
throughout  the  development  process. 

To  be  effective  and  viable,  the  design 
of  any  GIS  for  the  future  should  probably 
follow  this  line  of  thinking.  Geographic 
databases  without  intelligence  has  a  very 
small  chance  to  meet  challenges  of  complex 
decisionmaking  processes.  Knowledge-based  GIS 
is  a  must  for  a  sustained  growth  in  the 
field. 
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ABSTRACT 

In  recent  years  there  has  been  an  increasing  interest  in  the  use  of 
Geographical  Information  Systems  (GIS)  to  classify  remotely  sensed 
data.  The  primary  past  GIS  function  has  been  to  supply  digital,  spatial 
data  to  enhance  classifications  using  remotely  sensed  data.  A  second, 
and  increasingly  important,  GIS  function  is  the  classification  of 
remotely  sensed  data  through  spatial  modelling. 

This  paper  addresses  these  two  issues  with  reference  to  two 
specific  projects.  The  first  issue  is  dealt  with  through  the  investigation 
of  the  degree  of  generalization  which  is  inherent  in  typical  carto¬ 
graphic  data.  The  second  issue  is  discussed  with  reference  to  paramet¬ 
ric  classification  of  landfonns  through  the  use  of  Digital  Terrain 
Models. 


1.  INTRODUCTION 

Geographical  Information  Systems  and  associated  digital  data 
bases  are  increasingly  being  utilized  in  the  processes  classifying  of 
remotely  sensed  data  and  creating  land  inventory  maps.  One  data  base 
commonly  used  for  these  purposes  contains  topographic  information. 
The  data  contained  in  these  coverages  are  either  in  the  form  of 
classified  polygonal  maps  or  digital  terrain  models  (DTM’s).  This 
paper  deals  with  an  examination  of  issues  related  to  the  use  of  both  of 
these  data  forms.  A  problem  which  must  be  considered  when  using 
cartographic  data  coverages  as  ancillary  data  bases  to  enhance  classi¬ 
fications,  is  that  of  generalization.  The  degree  to  which  cartographic 
data  bases  is  examined  in  this  paper.  A  second  issue  addressed  in  this 
paper  is  related  to  the  use  of  DTM's  as  data  sources  in  landscape 
evaluation  and  classification  schemes. 


2.  CARTOGRAPHIC  DATA  BASES  AS  ANCILLARY  DATA 
FOR  ENHANCEMENT  OF  CLASSIFICATIONS  BASED  ON 
REMOTELY  SENSED  DATA. 

The  use  of  digital  data  bases  to  enhance  and  further  refine 
classifications  based  on  remotely  sensed  data  is  becoming  wide¬ 
spread  One  commonly  accessible  data  base  is  the  landform  evalu¬ 
ation,  or  classification,  map.  This  type  of  mapping  incorporates 
landform  shape  elements,  such  as  slope  and  relief,  along  with  geo- 
morphological  and  pedological  variables  such  as  soil  texture,  soil 


drainage,  and  parent  material.  Map  coverages  which  are  based  on  tra¬ 
ditional  mapping  and  cartographic  practices  are  routinely  converted 
from  analog  to  digital  format  and  integrated  with  remotely  sensed 
data,  using  either  prc  or  post  classification  sorting  techniques  (see  for 
example  Loveland  and  Johnston,  1983;  Niemann  et.  a!.,  1984;  Satter- 
whiteet.  al.,  1984).  The  resulting  classification  is  thereby  stratified  on 
some  element  portrayed  in  the  land  evaluation  or  classification  map. 

The  introduction  of  these  data  sources  into  the  classification 
process  may  introduce  a  variety  of  problems.  The  landform  maps 
portray  assemblages  of  geometric  elements,  and  not  individual  mor¬ 
phological  variables.  These  elements  were  defined  by  Speight  ( 1 974) 
as  being  *.  .areas  of  land  that  resemble  simple  geometric  surfaces 
without  inflections,  and  that  are  typically  described  by  altitude,  slope, 
aspect,  curvature,  and  a  number  of  derived  contextual  parameters’ 
(p.213).  The  range  of  information  contained  within  the  mapped 
landscape  polygons  may  therefore  extend  beyond  the  simple  slope, 
aspect,  or  curvature  values  which  are  desired  for  integration  with  the 
remotely  sensed  data.  A  second  source  of  error  is  one  caused  by 
generalization.  Simplification  and  data  reduction  tend  to  occur  at  a 
number  of  stages  throughout  the  mapping  process.  Unless  source 
documents  allow  for  resolutions  which  arc  greater  than,  or  equal  to, 
the  remotely  sensed  data,  then  a  generalization  in  the  remotely  sensed 
data  must  be  made  to  compensate  for  the  lower  level  of  detail. 


2.1  COMPARISON  OF  DTM  AND  POLYGONAL 

MAP  COVERAGES. 

Niemann  (1988)  investigated  the  potential  for  using  traditional 
cartographic  products  as  data  sources  to  enhance  classifications  based 
on  remotely  sensed  data.  To  evaluate  the  utility  of  the  interpreted 
polygon  map  a  land  classification  map,  scale  1:50,000  was  digitized 
and  the  slope  gradient  values  extracted  (figure  la).  A  1:50,000 
topographic  map  was  also  digitized  and  an  elevation  model  was 
generated  In  the  case  of  the  interpreted  map,  the  chosen  theme 
consisted  of  polygons  with  simple  or  complex  slope  gradient 
designations.  The  simple  class  polygons  were  characterized  by  a 
homogeneous  narrow  slope  gradient  range.  The  complex  class 
polygons  had  a  wider  range  of  slope  values  occurring  within  their 
boundaries.  The  two  slope  gradient  coverages  were  spatially 
registered  to  coincide  exactly  with  each  other  and  digitally  overlaid. 

The  distribution  of  DTM  slopes  within  the  simple-classed  inter¬ 
preted  polygons  arc  illustrated  in  figure  lb.  For  the  lower  classed 


52 


polygon!)  (classes  2,  3  ami  4)  the  distributions  arc  similar.  They  are 
ummodal  with  the  mode  at  27c.  slope  for  all  thiee  classes.  There  is 
however  an  increasing  positive  skewness  as  the  gradients  in  the 
interpreted  polygons  increase.  The  distribution  changes  for  ihe  higher 
slope  classes  (classes  5  and  6).  The  ranges  of  the  slopes  contained 
within  these  polygons  arc  much  greater  than  the  lower  classed  units 
and  the  modes  less  well  defined. 

The  histograms  for  the  distribution  of  the  complex  polygons 
are  shown  in  figure  lc.  The  distribution  of  the  slope  values  shown  in 
the  histograms  are  similar  to  the  pattern  of  the  simple  classed  units. 
The  modes  of  the  lower  classes  are  still  low  with  the  distributions 
positively  skewed.  Thehighcrclasscdpolygons  with  greater  ranges 
in  slope  classes  have  a  corresponding  larger  range  in  DTM  values. 

The  comparison  of  these  two  map  products  emphasize  the  high 
degree  of  generalization  associated  with  the  interpreted  map.  This 
generalization  is  be  the  result  of  three  factors.  The  first  factor,  as 
shown  by  the  polygons  representing  the  higher  slope  gradients,  is  that 
a  large  degree  of  cartographic  generalization  occuned  during  the 
various  stages  of  map  production.  This  generalization  led  to 
an  apparent  misclassification  of  areas  within  the  polygons.  For 
example,  in  the  polygons  with  slope  class  6,  only  33%  of  the  area  falls 
within  the  specified  range  of  gradient  values.  The  generalization  may 
be  caused  by  several  factors.  The  first  factor  is  the  method  of  survey, 
which  may  not  have  used  slopes  as  the  primary  reason  for  delineating 
the  polygon  boundary.  Rather,  the  primary  reason  for  the  delineation 
may  have  been  uniform  soil  properties,  with  the  slopes  of  only 
secondary  importance.  A  second  factor  contributing  to  the  generali¬ 
zation  is  that  the  polygon  represents  a  landform  description  which 


zones,  is  that  dense  forest  cover  of  varying  ages,  densities,  and 
species,  tend  to  confuse  the  interpretation  of  actual  slope  breaks, 
thereby  leading  to  erroneous  interpretations. 

The  rationale  for  the  two  slope  coverages  not  coinciding  is 
secondary  to  the  fact  that  they  do  not  match  and  that  the  spatial 
information  content  of  the  polygon  map  is  substantially  less  than  that 
contained  within  the  DTM  coverage.  (This  point  was  reinforced  by 
the  findings  of  a  previous  study  by  Nix  et  al.  (1984),  although  the 
mismatch  of  their  map  products  was  attributed  to  differences  in 
cartographic  scale  of  the  source  coverage).  The  conclusion  of  this 
analysis  is  that,  for  the  purposes  of  integration  with  remotely  sensed 
data,  the  high  degree  of  generalization  of  the  polygonal  map  would 
introduce  a  substantial  generalization  in  the  finalclassified product. 


3.  USE  OF  THE  DTM  FOR  LAND  EVALUATION 
AND  PARAMETRIC  MAPPING. 

DTM's  are  increasingly  being  used  in  land  evaluation  mapping. 
Klingebiel  ct.  al.  (1987)  describe  how  slope  gradient,  aspect  and 
elevation  coverages  have  been  used  in  the  preparation  of  soil  survey 

mupb.  llity  iuutiu  mat  vi  m  map  luvviagvs  vuuiu  aiiwwaaiunj  uv 

integrated  into  the  more  traditional  soil  polygon  mapping  process. 
Johnson  (1988)  describes  the  potential  for  using  DTM’s  in  the 
physical  land  classification  and  mapping  process.  In  her  study,  DTM 
coverages,  including  slope  aspect,  gradient,  curvatures ,  as  well  as 
hillshading  models  were  created  and  compared  with  conventional 
land  classification  maps.  The  result  of  this  comparison  was  that  the 
problems  associated  with  traditional  mapping,  such  as  inconsistency 
in  the  interpretation  and  cartographic  process  as  well  as  the  use  of 


different  classification  schemes  could  be  avoided  (Johnson,  1988). 
The  main  shortcoming  of  the  type  of  approach  outlined  in  the  studies 
by  both  Klingebiel  et.  al.  (1987)  and  Johnson  (1988),  is  that  there  is 
a  tendency  to  analyze  individual  landform  elements  in  isolation  and 
not  treat  the  landscape  as  an  integrated  unit  described  by  a  variety  of 
shape  attributes.  This  approach  to  classification  termed  parametric 
mapping,  has  been  defined  ‘...as  the  classification  and  subdivision  of 
land  on  the  basis  of  selected  attributes’  (Mitchell,  1973,  p.31).  The 
rationale  for  this  approach  to  terrain  analysis  being  that  landform 
shape  attributes  are  fundamental  in  influencing  geomorhpological 
and  pedological  processes  (Troeh,  1964;  Dalrymple  et.  al.,  1968; 
Mitchel,  1973;  Speight,  1974;  Pennock  et.  al.,  1987).  Only  in  a 
limited  number  of  instances  (see  for  example  Franklin,  1987,  Ni¬ 
emann,  1988),  has  there  been  any  attempt  to  evaluate  a  variety  of 
DTM  products  simultaneously  within  the  context  of  landscape  or 
physical  processes. 


3.1  THE  APPLICATION  OF  DTM  PRODUCTS  TO 
PARAMETRIC  AND  LAND  EVALUATION  MAPPING. 

The  object  of  this  component  of  the  study  was  to  evaluate  the 
possibility  of  integrating  digital  terrain  models  with  the  processes  of 
parametric  mapping  and  landscape  evaluation.  A  number  of  problems 
as  outlined  by  Mitchell  (1973)  must  be  recognized  prior  to  the 
classification  of  the  data.  The  first  problem  to  be  addressed  is  that  of 
the  nature  of  the  geometric  variables  to  be  used,  and  their  applicability 
to  the  mapping  procedure.  In  an  analysis  of  geometric  properties  of 


on  which  to  base  their  classification.  Speight  (1974)  stated  that  the 
basic  criteria  used  to  classify  the  landscape  processes  included  slope, 
curvature  (both  across  slope  and  downslope)  and  the  downslope 
dispersal  area.  Dalrymple  ct.  al.  (1968)  defined  a  land  surface  model 
which  divided  the  landscape  into  nine  subunits.  Each  of  these  subunits 
were  classified  based  on  the  slope  gradient,  curvature,  relief,  and  the 
position  within  the  slope  catena.  The  choice  of  the  appropriate 
properties  to  incorporate  will  depend  on  the  nature  of  the  map. 

The  second  problem  area  identified  by  Mitchell  ( 1973)  was  that  of 
choosing  the  appropriate  class  boundaries.  He  stated  that  the  problem 
of  subdivision  of  variables  into  specific  classes  becomes  acute  when 
the  specifics  of  the  class  boundaries  are  not  known.  In  these  situations, 
the  natural  breaks  in  the  landscape  should  be  used.  This  final  point  is 
contrary  to  the  procedures  followed  by  the  majority  of  mapping 
surveys  which  tend  to  impose  predetermined  physiographic  classes 
into  their  legends.  In  very  few  instances  do  the  mapped  boundaries 
reflect  the  divisions  which  occur  in  the  study  area  in  question. 

With  these  two  problems  in  mind,  it  was  decided  to  apply  a 
parametric  mapping  approach  using  DTM  data  to  a  portion  of  east 
central  Alberta.  A  DTM  prepared  for  the  1:20,000  Alberta  base 
mapping  project  was  used.  The  approach  outlined  by  Zevenbergen 
und  Theme  (1987)  v/ss  used  to  derive  the  sp^tisl  derivatives  (thst  is 
slope  gradient,  and  curvatures).  A  measure  of  relief  was  derived  by 
calculating  the  standard  deviation  of  the  elevation  values  fora  moving 
kernel.  The  upslope  area  contributing  to  a  grid  cell  was  calculated  for 
the  entire  elevation  matrix.  Finally  the  length  of  the  flow  path 
downslope  of  each  grid  cell  was  determined.  This  value  represented 
flow  dispersal  as  defined  by  Speight  (1974).  The  flow  path  and  the 
dispersal  variables  were  described  by  Speight  (1974)  as  being  indica¬ 
tive  of  the  moisture  drainage  characteristics  of  a  particular  area. 
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The  problem  of  class  boundaries  was  soKed  through  the  use  of  a 
duster  analysis  The  data  base  for  the  study  area  -vas  systematically 
sampled  and  a  k  means  duster  analysis  (SAS.1987)  performed.  The 
appropriate  number  of  dusters  represented  by  the  data  set  was 
determined  to  be  eight,  using  the  method  described  by  Sarle  (1983). 
The  descriptive  charactcristLs  of  the  clusters  are  summarized  in  Table 
1. 


Class  1 

Class  2 

Class  3 

Class  4 

Slope  (%): 

0-3 

0-4 

1-7 

4-8 

Relief  (m): 

0.5-1  5 

1-2 

1-5 

9-15 

Curvature  (a/d): 

•/• 

-/- 

-/- 

+  '* 

Slope  position-Flow: 

0-1.5 

3-5 

7-1 

0-1.5 

Ois: 

0.5-2 

1-2 

0.5-3.5 

0.5-2 

Class  5 

Class  6 

Class  7 

Class  8 

Slope(%): 

9-15 

8-12 

1-5 

2-9 

Relief 

6-10 

4. 5-7. 5 

1. 4-4.5 

2-6 

Curvature  (a/d). 

+/- 

+/+ 

+/+ 

+/+ 

Slope  position-Flow 

3-5 

12.5-15. 

22-26 

29-40 

Dis: 

0.5-1 .5 

0-3 

0.5-3.5 

2-12 

TABLE  1:  Summary  Dcscnptions  of  the  eight  classes  isolated  through 
cluster  analysis. 


The  cluster  summaries  for  the  data  can  initially,  without  the 
benefit  of  field  checking,  be  interpreted  to  represent  various 
components  in  the  landscape.  Classes  1  and  2  represent  areas  of  low 
gradient  and  relief  as  well  as  low  flow  path  and  dispersion  values. 
These  groupings  of  geometric  descriptors  arc  associated  with  low 
amplitude  hummocky  terrain.  The  low  flow  path  and  dispersion 
values  together  with  the  negative  across  and  downslope  concavities 
suggest  short  slopes.  Class  3  represents  a  wider  range  in  slope 
gradients  but  also  larger  flow  path  and  dispersion  values,  with 
curvatures  concave  in  both  the  across  and  down  slope  directions.  This 
would  suggest  a  slightly  greater  magnitude  of  hummocky  terrain,  or 
a  position  at  the  bottom  of  the  hummocks  where  the  moisture  would 
accumulate.  These  three  classes  have  been  classed  as  hummocky 
terrain  as  the  curvatures  are  concave  in  both  of  the  directions  meas¬ 
ured.  The  negative  curvatures  also  suggest  that  these  areas  experience 
a  concentration  of  flow.  Classes  4  and  5  represent  terrain  with  a 
greater  slope  gradient  magnitude  (4  to  8%  for  class  4  and  9  to  1 5%  for 
class  5),  moderate  relief,  and  generally  low  flow  path  numbers.  The 
curvatures  for  both  of  these  classes  are  flat  to  slightly  convex.  These 
groupings  suggest  that  class  4  represents  landscapes  which  have 
generally  short  slopes,  but  with  greater  magnitude  gradients.  This 
class  is  prevalent  in  the  areas  which  arc  dominated  by  fluvioglacial 
landforms  (ridges j  and  deposits  and  some  glacial  ridges,  and  not  the 
hummocky  moraine  of  the  common  to  the  first  three  classes.  Class  5 
with  its  greater  relief  and  slope  magnitude  is  interpreted  as  being 
characteristic  of  valley  sides  and  larger  ridges  and  is  commonly 
associated  with  rough  broken  terrain.  The  final  three  classes  are 
characterized  by  generally  very  high  flow  path  values  and  varying 
slooc  gradients.  The  areas  which  fall  into  these  classes  are  alnng 
drainage  lines:  small  gullies  and  channels.  The  areas  represented  by 
class  8  arc  associated  with  class  5  terrain  while  classes  6  and  7  are  with 
the  lower  sloped  zones. 

The  classes  defined  through  this  type  of  approach  to  parametric 
mapping  are  particularly  useful  as  there  are  very  specific  relation¬ 
ships  between  the  class  descriptions  and  landscape  forming  proc¬ 
esses  This  is  particularly  evident  when  comparing  the  landscape 
categories  defined  by  Dalrymple  et.  a!.  (1968)  where  the  rational  for 


landscape  division  was  based  on  geomorphic  process  and  the  par- 
amteres  used  to  classify  were  geomorphometne.  In  the  present  study, 
the  landscape  classes,  rather  than  individual  landform  elements, 
developed  through  the  use  of  geomorphometne  vanables  are  tied  to 
pedological  processes  related  to  moisture  movement  and  degrees  of 
drainage.  Given  the  scale  of  the  lanuforms  in  the  study  area  and  the 
resolution  of  the  DTM  (original  sample  spacing  120  metres)  it  is  not 
felt  that  a  realistic  subdivision  of  the  individual  slope  facets  was 
possible. 


4.  CONCLUSIONS 

This  paper  has  emphasized  two  aspects  of  integrating  geographic 
data  bases  with  remotely  sensed  data.  In  the  first  instance  the  issue  of 
using  traditional  cartographic  data  bases  as  ancillary  data  bases  was 
addressed.  It  was  demonstrated  that  a  large  amount  of  generalization 
occurs  as  a  result  of  the  mapping  process.  This  generalization  can  lead 
to  significant  confusion  when  combined  with  remotely  sensed  data 
through  a  stratification  process. 

The  second  aspect  of  the  paper  dealt  with  the  use  of  DTM’s  as  data 
sources  in  land  evaluations  and  landscape  mapping.  The  traditional 
approach  used  in  morphometric  mapping  with  DTM’s  has  been  to 
integrate  the  coverages  independently.  It  was  shown  that  through  the 
integration  of  a  number  of  morhpometric  variables  that  a  more 
complete  interpretation  of  processes  is  possible. 
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Figure  1  a)  Topographic  and  landscape  maps 

b)  Distribution  of  DTM  slope  gradients  within  interpreted  slope  polygons 
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RESUME 

La  pr6 sente  communication  s'intyresse  a 
l'intygration  de  donnyes  de  tyiydytection  avec 
les  donnyes  classiques  de  terrain.  Elle  prysente 
une  mythodologie  d' intygration  purement 
numyrique  d'une  image  multibande  SPOT  avec  le 
canevas  de  remembrement  rural.  Le  produit  de 
cette  opyration  est  une  autre  image  registrye  a 
la  carte  nationale  du  Maroc  et  ayant  quatre 
canaux  dont  les  images  ont  yty  ryychantillonnyes 
a  10m.  Le  quatrlhme  canal  contient  le 
parcellaire  agricole  numyrisy  au  moyen  du  sytyme 
d' information  a  ryfyrence  spatiale  (SIRS) ,PAMAP. 

L'algorithme  de  Segmentation  Hiyrarchique 
d' image  basy  sur  1' Optimisation  syquentielle 
(SHOS)  dyveloppy  par  Beaulieu  est  appliguy  a  la 
nouvelle  "image"  de  quatre  bandes  afin  de 
dyterminer  si  la  segmentation  peut  perraettre 
d'ytablir  la  carte  d'utilisation  de  sol  et 
l'inventaire  des  cultures  dans  une  rygion  a 
microparcel laire . 


ABSTRACT 

This  paper  is  concerned  with  the 
integration  of  remote  sensing  and  conventional 
data.  It  presents  a  purely  digital  method  of 
merging  a  multispectral  SPOT  image  and  field 
boundaries.  This  yields  a  product  which  is  a  new 
image  registered  to  the  national  grid  of 
Morocco,  having  four  channels  with  images 
resampled  to  10  m.  The  fourth  channel  contains 

the  field  boundaries  which  are  digitized  using 
the  spatial  information  system  PAMAP. 

A  Hierarchical  otep-Kise  Optimization 
(HSWO)  algorithm  developed  by  Beaulieu  is 
applied  to  the  new  four  band  "image"  to  test  the 
capability  of  the  segmentation  to  map  the  land 
use  and  to  provide  the  crop  inventory  in  small 
areas  of  land. 


1-  INTRODUCTION 

L' activity  yconomique  du  Royaume  du  Maroc 
est  intimement  liye  au  dyveloppement  et  a 
1' exploitation  des  ressources  naturelles; 
principalement  dans  le  secteur  agricole.  Cela 
requiert  la  maitrise  de  1’ utilisation  de  sol  et 
l'inventaire  agricole,  deux  yiyments 
indispensables  a  la  ryussite  de  la  politique  de 
gestion  et  de  planif ication  agricoles 
(prediction  des  rendements,  nygociation 
d' import/export). 

Actuellement,  ce  problfeme  est  en  bonne 
partie  rysolu  par  le  concours  de  la 
ty lydy tection  dans  les  regions  du  monde 
caracterisees  par  une  propriety  de  grande  taille 
(BERNIER  et  Al.,  1984);  (BENlE,  1986),  mais  cela 
n'est  pas  le  cas  au  Maroc  et  particuliferement 
dans  la  zone  d' action  de  1' Off  ice  Regional  de 
Mise  en  Valeur  Agricole  des  Doukkala  (ORMVAD) 
qui  est  notre  aire  d'dtude. 

Cette  aire  d1  etude  est  la  plaine  fertile 
des  Doukkala,  province  d’El  Jadida,  faisant  une 
superficie  de  5000  Km  carres  dont  61000  hectares 
deja  yquipees  avec  une  infrastructure  ddveloppye 
d1  irrigation.  Toute  la  plaine  est  caracterisee 
par  un  microparcellaire  auquel  se  juxtapose  la 
pratique  multiculturale.  En  effet,  la  mise  en 
valeur  agricole  et  l1 irrigation  de  cette  plaine 
sont  enteprises  dans  le  cadre  juridique  dyfini 
par  le  Code  des  Investissements  Agricoles 
promulgy  le  25  Juillet  1969  qui  rend  obligatoire 
le  remembrement  et  la  pratique  de  l’assolement. 

Le  remembrement  regroupe  les  parcelles  d’un 
mSme  propriytaire  tandis  que  l’assolement 
subdivise  la  propriyty  ainsi  constituye  en 
plusieurs  parcelles  ou  soles  occupyes  par  un 
groupe  de  cultures  er.  rotation.  Do  plus, 
certaines  parcelles  supportent  plus  d'une 
rycolte  a  l’intyrieur  d'une  myme  campagne 
agricole.  Cela  rend  difficile  le  suivi  rygulier 


57 


de  l'assolement  et  1' inventa j re  des  cultures  par 
les  metbcdes  ponctuelles  de  terrain. 

Une  scAne  multibande  du  capteur  Haute 
Resolution  Visible  HRV/SPOT  de  Mai  1988  couvrant 
la  majeur  partie  du  pArimAtre  a  AtA  acquise.  De 
plus,  nous  avons  fait  l'inventaire  des  cultures 
en  place  (pendant  la  pAriode  de  prise  de  cette 
image)  A  1'intArieur  d'un  seul  bloc  (no. 322),  en 
effet,  le  bloc  constitue  dans  la  region  l'unite 
d' exploitation  agricole.  L'assolement  en  place 
montre  qu'il  y  a  5  cultures  (figure  2-1)  qui 
sont  le  bie  dur  (D)  et  le  bie  tendre  (T)  comme 
cerdales,  le  bersim  (B)  et  la  luzer  le  (Z)  comme 
cultures  fourragAres  et  la  betters’ e  A  sucre  (S) 
comme  culture  industrielle. 

Nous  retrouvons  parmi  les  objectifs  de  ce 
pro  jet  le  dAveloppement  d'una  procedure  de 
segmentation  optimale  pour  la  region, 
1' identification  et  la  cartography  des  cultures 
ainsi  que  1' estimation  de  leurs  superficies  A 
partir  de  1 'analyse  de  1' image  SPOT. 


2-  INTEGRATION  DE  L' IMAGE  7  L' INFORMATION 
CARTOGRAPHIQUE 

L '  interpretation  de  l'image  de 
teiedetection  s'avere  d'un  interet  vital  pour 
diverses  applications  surtout  en  agriculture. 
Cependant,  pour  extraire  le  maximum 
d' information  de  fagon  precise  A  partir  de  ces 
images  nous  avons  besoin  d'un  genre 
d'algorithmes  "intelligents".  X  ce  sujet,  la 
segmentation  et  la  classification  d' image. 
1' utilisation  de  donnees  auxiliaires  (SIRS) 
ainsi  que  leur  integration  sont  autant  d'atouts 
prcmettants,  mais  cela  presente  encore  certaines 
difficultes.  II  faut  done  deployer  des  efforts 
de  recherche  pour  developper  des  methodes 
automatiques  d'analyse  d'image  qui  soient 
integrees  et  entierement  operationnelles. 


Pour  cela,  la  presente  etude  a  ete  orientee 
de  fagon  A  pouvoir  combiner  au  moyen  d'un  SIRS 
1’ information  cartographique  avec  l'image 
satellite  comme  support  A  la  segmentation 
(EDWARDS  et  Al.,  1989).  La  rAussite  d’une  telle 
combinaison  depend  de  plusieurs  facteurs  A 
savoir  les  informations  cartographique  et 
spectrale  ainsi  que  le  racdele  d'intAgration  et 
le  SIRS  utilises. 

Les  premiers  essais  d'integration  existants 
ont  tente  de  combiner  des  images  provenant  de 
capteurs  dif ferents  (WELCH  et  Al.,  1987)  puls  on 
a  envisage  la  combinaison  de  l'image  avec  la 
photographie  aArienne  digitalisAe  (CHAVEZ,  1986) 
et  enfin,  la  combinaison  de  l'image  avec  la 
carte  vectorielle  (PEDLEY,  1986). 

Nous  remarquons  que  ces  essais 
d'integration  ont  Ate  dAveloppAs  surtout  comme 
base  A  1 ' interpretation  vlsuelle.  Or  du  fait  que 
l'on  ne  peut  afficher  A  l'Acran  A  la  fois  que 
trois  canaux  au  maximum,  on  s'apergoit  tout  de 
suite  des  limites  de  ces  essais  d'integration 
utilisant  gAnAralement  des  opArateurs 
ar ithmAtiques  (  +  ,  -  ou  %)  comme  modAles 
d'integration.  Pour  cela,  nous  suggArons  une 
mAthode  d’integration  numArique  que  nous 
appliquons  au  cas  de  l'ORMVAD. 


2-1  La  mfethode  d'integration  proposAe 


La  mAthode  d’integration  proposAe  est 
purement  numArique;  elle  combine  une  image 
satellite  A  (n)  canaux  avec  la  carte  numArisAe 
et  le  preduit  de  cette  operation  est  une  autre 
"image”  A  (n+1)  canaux  tout  A  fait  prAte  pour 
des  analyses  aussi  bien  visuelle  (rehaussement) 
qu '  automatique  ( segmentation ,  classification ) . 
Le  canal  supplAmentaire  contient  1 '  information 
cartographique. 

Le  canevas  de  remembrement  est  numArisA  au 
moyen  d'un  SIRS  A  partir  du  plan  parcellaire  au 
1/2000  de  l'ORMVAD  (figure  2-1)  apres  avoir  crAA 
un  fond  cartographique  avec  les  paramAtres  de  la 
projection  Lambert  (Ellipsolde  Clarke  1880) 
adoptAe  au  Maroc. 

Ensuite,  la  carte  numArisAe  est  convertie 
du  mode  vectoriel  en  trame  (mode  raster);  la 
taille  d'un  pixel  Atant  de  10m  par  10m. 

L’image  utilisAe  est  dAjA  corrigAe  au 
niveau  (IB).  Done  pour  la  rendre  supperposable  A 
la  carte  topographique  du  Maroc.  nous  avons 
effectuA  la  correction  gAometrique  en  modAlisant 
Iss  dwforrstzoMC  56c!?.ct?iJ5"cc  2 1  irscicfc  ciu 
moyen  de  polynAmes  et  en  utilisant  un  certain 
nombre  de  points  de  contrAle.  Ceci  a  donnA  lieu 
A  une  erreur  moyenne  quadratique  rAsultante 
inferieure  A  0.5  pixel.  Ensuite,  nous  avons 
procAdA  A  un  rAAchantillonnage  des  pixels  en 
utilisant  la  mAthode  du  plus  proche  voisin. 
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Dans  la  raethode  gdndrale  d' integration 
proposee,  on  distingue  deux  variantes 
diffdrentes  pour  tenir  compte  du  type 
d'application  et  d'analyse  envisages. 

Premlfere  variante:  Hfithode  des  Contours  (MfiCO) : 
dans  cette  variante,  on  fait  correspondre  aux 
contours  de  propridtds  une  valeur  thematique  au 
moyen  du  SIRS  et  une  autre  valeur  dif fdrente  en 
dehors  des  contours.  Une  fois  le  parcellaire 
raster  exports  vers  le  systerae  de  traitement 
d' image,  ces  valeurs  thematiques  seront 
interpretdes  comme  des  niveaux  de  gris.  En 
d'autres  termes  ces  limites  de  champs  auront  une 
largeur  de  1  pixel. 

Deuxlfeme  variante:  MSthode  des  STlquettes(MSET) : 
dans  ce  deuxifeme  cas,  on  assigne  4  chaque 
propriete  une  etiquette  distincte.  Done  chaque 
pixel  reqoit  une  valeur  correspondent  4  cette 
etiquette;  et  si  deux  pixels  voisins  ont  des 
valeurs  diffdrentes,  alors  il  existe  une 
frontiere  entre  les  deux. 

Le  SIRS  permet  de  former  des  polygones  & 
partir  du  parcellaire  numerise  et  de  calculer  en 
meme  temps  la  superficie  et  le  perimetre  de 
chaque  polygone  (champ).  Selon  le  concept  de 
base  de  donnees  4  reference  spatiale,  chaque 
propriete  constitue  alors  une  entite  avec  un 
identifiant  (numero  de  propriete)  et  plusieurs 
attribute  (superficie,  materiel,  the me,  nom  du 
propridtaire,  type  de  culture,  commune  rurale). 


3-  SEGMENTATION 

X  ce  fait,  l'algorithme  SHOS  (version  D, 
redige  en  langage  C)  de  segmentation 
hierarchique  de  l'image  base  sur  une 
optimisation  s£quentielle  (Beaulieu,  1984)  a  6te 
utilise  apres  avoir  ete  adapte  pour  tenir  compte 
de  1 ' information  cartographique. 

L'algorithme  debute  par  une  partition 
initiale  ou  chaque  pixel  represente  un  segment 
et  reduit  sequentiellement  le  nombre  de  segments 
en  les  fusionnant  selon  le  critere  de  (WARD. 
1963).  Ceci  produit  une  decomposition 
hierarchique  de  l'image  en  fonction  des  valeurs 
des  pixels  avec  comme  contrainte  sur  la  forme  de 
la  propriete  1 '  information  cartographique. 
L'algorithme  devrait  reconnaitre  automatiquement 
les  parcelles  4  l'interieur  de  chaque  propriete. 


Cet  algorithme  exploite  le  fait  que  la  fusion  de 
deux  segments  affecte  seulement  leurs  voisins. 
De  plus,  le  critere  d' optimisation  sequentielle 
est  deduit  du  critere  d 'approximation  globale  de 
l'image.  On  a  done  deux  niveaux  d' optimisation. 


La  version  utilisee  de  SHOS  approxime 
l'image  par  un  modeie  simple  en  considerant 
celle-ci  comme  composee  de  regions  homogenes 
ayant  chacune  un  niveau  de  gris  uniforme.  Cette 
approximation  produit  le  critere  suivant 
(Beaulieu,  1984): 


Ci,j  "  —  '  Nj  £  «k  “  Mj)2  (3.1) 


k-l 


oil  Ni  et  Nj  sont  les  nombres  de  pixels  dans  les 
deux  segments  voisins  St  et  Sj, 

Mi  et  Mj  les  valeurs  moyennes  des  niveaux  de 
gris  de  chacun  des  segments, 

Wb  le  facteur  de  poids  utilise  pour  combiner  les 
valeurs  de  niveaux  de  gris  des  diff6rentes 
bandes,  et 

k  le  nombre  de  bandes  dans  l'image  une  fois 
integree  4  la  carte 

Les  resultats  de  la  segmentation  d'une 
fenetre  de  100  par  100  pixels  de  l'image  avant 
et  apr£s  1' integration  4  la  carte  sont  illustrds 
respectivement  par  les  figures  (3-2)  et  (3-3). 


G£OKEnU()UH<EXr,  120  Segwnts 


FIGURE  3-3:  ttSULTAT  DE  LA  SB3HWTATI0N  DS  L’lKAGE  SPOT  IOTKREE 
A  LA  CARTE  PAR  LA  K6THOOE  MEET,  120  S*J»nts 


Hi  +  Nj 
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4-  CLASSIFICATION  PAR  SEGMENT 

La  classification  par  segment  a  ete 
retenue,  en  effet,  la  classification  par  pixel 
donne  une  faible  precision  et  cela  est 
previsible  etant  donn.ee  la  taille  trds  petite  de 
la  parcelle  moyenne;  environ  un  hectare. 

Les  rdsultats  de  la  classification  par 
segment  seront  dispombles  sous  peu.  Cette 
classification  peut  etre  executee  en  deux 
etapes:  D'abord,  gdnerer  par  calcul  les 
statistiques  relatives  k  chacun  des  segments  de 
l'image  segmentee  et  avoir  une  meilleur 
connaissance  des  dif  fe  entes  classes  de  culture 
existantes,  puis,  exdcuter  la  clui'.if ication 
segment  par  segment  en  tenant  c"mpte  de  ces 
informations  dans  notre  regie  de  decision. 


5-  CONCLUSIONS 

La  comparaison  des  figures  (3-2)  et  (3-3) 
montre  les  avantages  de  1 ' integration  du 
parcellaire  k  l'image.  De  plus,  la  figure  (3-3) 
montre  la  haute  fidelity  (precision)  de  la  carte 
produite  par  la  segmentation  comparde  k  la 
verity  terrain  (figure  2-1).  On  remarque  aussi 
une  legdre  sursegmentation  de  l'image,  mais  cela 
peut  etre  filtrd  au  niveau  de  la  classification. 

En  conclusion,  la  segmentation  hidrarchique 
de  l'image  SPOT  intygrde  k  la  carte  peut 
permettre  d'etablir  la  carte  d 'utilisation  de 
sol  et  l'inventaire  des  cultures  dans  une  region 
ci  microparcellaire  A  une  echelle  raisonable  de 
1/25000. 

Comme  implication  directe,  cette  carte 
d'utilisation  de  sol,  permet  dans  un  premier 
temps  de  contrOler  le  respect  de  l'assolement 
par  les  agriculteurs. 

Quant  A  l'inventaire  agricole,  il  sera 
communique  au  MinistAre  de  l'Agncu'+ure  et  de 
la  Reforme  Agraire  et  k  l'industrie  agricole. 
Les  sucreries  par  exemple  seront  interessee  par 
la  superficie  occupee  par  la  betterave  k  sucre 
pour  planifier  l'arrachage  et  le  traitement. 

En  ce  qui  concerne  l'ORMVAD,  il  lui  revient 
Sexploitation  de  cette  inventaire  et  de  la 
carte  pour  les  fins  de  gestion  de  sa  zone 
d'action  (besoin  en  eau  des  cultures, 
tarif ication  des  redevances  d'eau,  traitement 
des  parasites  et  plus  tard  la  provision  des 
rdcoltes) . 

Il  ressort  de  la  presente  recherche  que 
lMnt’^grstiorj  des  d c n n des  i  ~  s  cj  c  avsc 
1 '  information  cartographique  dans  un  milieu 
caracterisd  par  la  micropropriete  est  vivement 
recomraandee  a  fin  de  supporter  la  segmentation 
d'image  A  haute  resolution  et  assurer  une 
continuity  dans  les  methodes  de  gestion 
utilisant  des  donndes  classiques  representees 
par  une  carte  par  exemple 
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Abstract 

This  paper  deals  with  the  building  of  a 
glaciological  information  system  as  an  answer  to  the 
management  of  multi-source  data  required  for  the 
study  of  mountain  glacier  variations.  A  prime  data 
source  comes  from  remote  sensing  documents 
including  satellite  imagery.  Topographic  information 
is  derived  from  the  currently  available  1:250,000  scale 
DEM  of  the  Surveys,  Mapping  and  Remote  Sensing 
Branch  of  Energy  Mines  and  Resources,  Canada. 

The  SIF  vector  DEM  file  is  read  with  the 
ARC/INFO  GIS  package  from  which  an  8-bit  integer 
elevation  value  grid  file  is  produced.  An  8-direction 
weighted-distance  interpolation  is  performed  to  obtain 
a  DEM  in  a  raster  format  from  which  slope  and  aspect 
coverages  are  extracted.  This  information  is  used  in 
the  radiometric  correction  of  Landsat  MSS  and  TM 
images  and  in  the  characterization  of  glacier  basins 
into  physiographic  units.  The  output  coverage 
becomes  the  basic  information  to  establish  multidate 
climate  and  glacier  behaviour  patterns. 

Keywords:  Digital  elevation  model,  Glacier 
mapping,  Glaciological  information  system,  Satellite 
imagery 

Introduction 

Mapping  and  monitoring  glaciers  stimulates 
scientific  interest  for  two  major  reasons.  First, 
glaciers  in  mountainous  areas,  particularly  in  Europe, 
have  been  recognized  as  important  water  storage 
systems  for  municipal/industrial  and  hydroelectric 
power  purposes.  The  surface  area  and  volume  of 
individual  glaciers  are  monitored,  along  with  climatic 
parameters,  so  as  to  estimate  future  water  availability. 
Second,  glacier  fluctuations  are,  and  have  been  used 
for  some  time,  as  a  surrogate  measure  for  climatic 


change  and  variability.  The  use  of  mountain  glaciers 
as  a  climatic  indicator  requires  an  assessment  of  the 
complex  parameters  of  mass  balance  and  glacier 
dynamics.  Most  historical  data  sets  focus  on  the  local 
and/or  short-term  aspects  of  these  parameters.  To 
obtain  a  more  global  perspective  on  this  topic,  it  is 
important  to  be  able  to  generalize  and  study  the  data 
over  both  regional  and  temporal  scales.  A  glaciological 
information  system  offers  an  up-to-date  solution  to  the 
management  of  multi-source  data  required  to  meet 
these  objectives. 

Methodology 

The  prime  data  source  comes  from  remote 
sensing  documents  including  satellite  imagery  which 
provide  continuous  information  about  glacial  cover 
types  at  different  spatial  scales.  A  derivative  of  these 
documents,  the  digital  elevation  model  (DEM),  permits 
the  extraction  of  topographic  parameters,  such  as 
slope  and  aspect  essential  for  an  accurate  automatic 
classification  of  imagery  and  to  correlate  glacier  and 
climate  variations.  Other  sources  of  data  can  be 
incorporated  such  as  terrestrial  triangulation 
assessments,  in  situ  ablation  stake  and  local  stream 
flow  measures  according  to  the  study  scale. 

In  this  paper,  the  steps  required  for  the 
integration  of  a  DEM  with  a  satellite  imagery  base  and 
the  production  of  slope  and  aspect  coverages  to 
generate  a  glacial  cover-type  physiography  map  are 
described  (Figure  1).  Studies  are  being  conducted  in 
the  Columbia  Icefield  region  of  Alberta  using  Landsat 
(MSS  and  TM)  and  SPOT  panchromatic  imagery.  The 
DEM  used  in  the  analysis  is  the  currently-available 
1:250,000  scale  Intergraph  Standard  Interchange 
Format  (SIF)  model  available  from  the  Surveys 
Mapping  and  Remote  Sensing  Branch  of  Energy  Mines 
and  Resources,  Canada.  The  use  of  this  regional-scale 
DEM  for  the  radiometric  correction  of  similar  scale 
imagery  revives  an  interest  in  MSS  data  for  glacier 
cover-mapping. 


Fig.  1  -  Methodology  for  the  integration  of  vector-based  DEM  parameters  with 
remote  sensing  documents. 
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Discussion 

The  use  of  the  SIP  for  Canada's  DEM  format  poses 
certain  problems.  Some  GIS  packages  have  the 
capability  to  read  only  the  x  and  y  coordinates  of  the 
SIF  file.  Even  with  ARC/INFO's  SIFARC  module  that 
allows  the  reading  of  3D  SIF  files,  extra  data 
conversion  is  required.  The  large  file  size  of  this  ASCII 
DEM  restricts  the  editing  process  and  necessitates 
transformation  into  a  grid  file  to  permit  sub-area 
selection.  This  represents  unnecessary  computer  time 
and  a  loss  of  precision  from  the  original  data. 

The  vector/grid  conversion  is  done  using  an 
inverse  weight  function  (1/elevation)  applied  to  the 
elevation  values  to  preserve  accuracy  in  the  DEM.  The 
values  of  this  grid/vector  DEM  are  then  converted  into 
an  8-bit  integer  file  (0-255). 

An  interpolation  is  performed  using  an  8- 
direction  weighted-distance  algorithm  (Personal 
Communication,  Jinfei  Wang,  1989).  This  step  is 
required  to  fill  in  the  null  cells  found  in  the  grid.  The 
slope  and  aspect  coverages  are  then  generated  by  the 
computation  of  the  x  and  y  distances  between  pixel 
values  from  a  3  x  3  window  moved  across  the  raster 
elevation  image. 

The  input  of  glacial  cover  type  can  come  from  two 
sources.  A  regional  study  requires  the  analysis  of  a 
large  number  of  glacier  basins,  so  automatic 
classification  of  synoptic  imagery  such  as  MSS  is 
appropriate.  For  local  analysis,  the  visual 
interpretation  of  finer-resolution  documents,  such  as 
SPOT  panchromatic  images  and  aerial  photographs, 
and  subsequent  digitization  maximizes  the 
information  input. 

Using  the  real  values  of  slope  and  aspect,  the 
Landsat  MSS  and  TM  images  are  corrected  for 
radiometric  variations  with  the  cosine  of  the  incidence 
angle  equation.  This  conventional  approach  has  the 
advantage  of  reducing  the  illumination  variability  on  a 
sloped  terrain  with  a  limited  number  of  variables.  A 
supervised  classification  of  six  cover  types  (snow,  ice, 
debris  on  ice,  surficial  deposits,  rock  and  vegetation 
covers)  is  performed  on  the  corrected  MSS  and  TM 
bands. 

The  multi-scale  cover-type  maps  resulting  fnm 
the  visual  and  automated  classification  procedure  are 
inputted,  with  the  slope  and  aspect  maps,  to  TYDAC'S 
SPANS  GIS.  The  conversion  into  a  quadtree  grid 
structure  in  SPANS  assists  the  introduction  of  raster 
and  vector  format  data  making  the  overlay  analysis 
more  precise.  This  analysis  provides  us  with  a 
characterization  of  glacier  basins  into  different  slope 
and  aspect  classes,  the  output  product  being  the  glacial 
cover-type  physiography  map. 

Overall  the  DEM  proves  to  be  useful  for  the 
radiometric  correction  of  imagery  in  relation  to 
shadowing  effects,  as  well  as  for  producing  slope  and 
aspect  maps  that  are  a  primary  source  of  information 
in  a  glaciological  information  system.  Work  is 
presently  in  progress  assessing  the  accuracy  of  these 
map  products. 
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ABSTRACT 

In  recent  years  the  demand  for  timely  and  accurate 
Information  has  Increased  for  a  number  of  disciplines. 
Including  urban  and  regional  planning,  natural  resources 
management,  agricultural  studies,  topographic  mapping,  and 
geological  exploration.  A  much  discussed  approach  to 
meeting  these  demands  is  the  development  of  Geographic 
Information  Systems  (GIS)  which  allow  efficient  data  storage, 
incorporate  processing  and  display  functions,  and  permit  the 
integration  of  digital  remote  sensing  data. 

Current  and  future  satellite  and  shuttle  programs  such  as 
Landsat,  SPOT,  MOS,  ERS,  JERS.  SIR-C/X-SAR,  RADARSAT, 
MOMS,  and  the  space  platform's  Earth  Observing  System 
(Eos)  are  based  on  a  variety  of  Imaging  sensors  that  will 
provide  timely  and  repetitive  multisensor  earth  observation 
data  on  a  global  scale.  Visible,  infrared  and  microwave  Images 
of  high  spatial  and  spectral  resolution  will  eventually  be 
available  for  all  parts  of  the  earth.  It  is,  however,  essential  that 
efficient  synergistic  processing  techniques  be  developed  to 
cope  with  the  large  multisensor  data  volumes  and  to  allow 
efficient  GIS  integration. 

This  paper  discusses  techniques  for  image  fusion  and  GIS 
integration  that  have  proved  successful  for  synergistic 
evaluation  of  SPOT  HRV,  Landsat  TM  and  SIR-B  images. 
Examples  of  integrated  remote  sensing/GIS  applications 
include  topographic  mapping/automated  DEM  extraction, 
cartographic  feature  extraction,  spatial  resolution 
improvement,  and  urban  and  regional  planning. 

Once  incorporated  in  a  digital  database,  the  extracted 
information  can  be  used  to  create  cartographic  products, 
analyze  spatial  distribution  of  growth  patterns,  or  update 
existing  transportation  layers.  Other  GIS  layers  such  as  soils 
or  zoning  maps  may  then  be  overlayed  and  compared  with 
the  actual  land  use/cover  Information.  Discrepancies  can  be 
quickly  identified  and  analyzed.  The  data  can  also  be  used  to 


update  GIS  files.  It  can  be  shown,  for  example,  that  merged 
SPOT  multlspectral  (MSS)  and  panchromatic  data  can  be 
effectively  used  in  a  GIS  environment  to  routinely  map  and 
monitor  land  use  change  at  scales  of  1:24,000  and  smaller. 

SATELLITE  SENSOR  REMOTE  SENSING 

Earth  observing  systems  of  the  future  such  as  the  proposed 
polar  orbiting  space  platforms  of  NASA,  ESA  and  Japan  will 
likely  bring  another  dimension  to  remote  sensing.  A  variety 
of  Imaging  (and  non-imaging)  sensors  will  be  employed  to 
cover  the  full  range  of  the  electromagnetic  spectrum  available 
for  remote  sensing  of  the  earth  (Butler  et  al„  1986).  For 
example,  a  30-m  resolution  imaging  spectrometer  will 
provide  image  data  with  a  spectral  coverage  of  0.4  to  2.5  mm 
and  a  spectral  resolution  of  9.4  to  11,7  nm  (Goetz  et  al„ 
1987).  This  amounts  to  196  simultaneously  recorded 
spectral  bands.  In  addition,  other  sensors  will  provide 
information  in  different  spectral  bands  (e.g.,  thermal  infrared 
and  microwave)  and/or  at  different  spatial  resolutions 
yielding  data  volumes  and  spectral  band  combinations  for 
which  efficient  processing  methods  are  yet  to  be  developed. 

This  multisensor,  multlspectral,  multiresolution, 
multitemporal  information  will  eventually  be  available  for  all 
parts  of  the  earth  and  presents  a  data  processing  challenge  to 
the  remote  sensing  society  that  has  to  be  addressed. 
Integrative  processing  techniques  have  to  fuse  the  multi¬ 
image  information  to  make  it  useful  for  a  user  community 
that  is  concerned  with  mapping,  monitoring  and  modeling 
the  earth's  components.  The  potential  of  a  multisensor 
dataset,  however,  can  be  readily  assessed  using  current 
satellite  Imagery  (Table  1).  Satellite  missions  of  the  near 
future  include  a  number  of  radar  satellites  (ERS-1,  JERS-1, 
Radarsat  and  SIR-C/X-SAR)  and  follow-up  missions  such  as 
SPOT-2,  MOS-2,  Stereo-MOMS  and  Landsat-6. 
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Table  1  Current  Satellite  Remote  Sensing  Mission  Suitable  for 
Mapping  Applications. 


Platform/ 

Year 

Sensor  #  Spectral 
Bands 

Spectral 
Range  •) 

Ground 

Resolution  Countiy 

Shuttle 

1983  - 

SIR-B  1 

MOMS  2 

Radar 

VIS/NIR 

17  *  58  m 
20  ni 

U.S. 

Germany 

Land$at-4/-5 
1982/84  • 

MSS  4 

TM  7 

V1S/N1R 

VIS/NIR/ 

MIR/T1R 

80  ill 

30  ill 

(TIU:120m) 

U.S. 

SPOT 

1986- 

11RV-P  1 

HRV-XS  3 

Pan(VlS) 

VIS/NIR 

10  ill 

20  m 

France 

MOS 

1987* 

MESSR  4 

VIS/NIR 

50  m 

Japan 

IRS-  1A 

1988- 

LISS  4 

VIS/NIR 

36.5  m 

India 

•)  VIS  ■  Visible 


NIR  ■  Near  Infrared 
MIR  *»  Middle  Infrared 
TIR  *  Thermal  Infrared 
Pan  ■  Panchromatic 

REMOTE  SENSING  AND  GIS 

Until  recently,  remote  sensing  was  viewed  as  a  science  that 
provided  definitive  end  products  usually  maps,  statistics, 
and/or  reports.  Today,  however,  these  end  products  are 
Increasingly  being  produced  in  digital  formats  to  be  used  with 
Geographic  Information  Systems  (GIS).  Several  factors  have 
accelerated  this  trend,  including:  1)  recent  developments  in 
hardware  and  software  for  GIS  systems  (Dangermond,  1988: 
Frank,  1988:  Croswell  and  Clark,  1988):  2)  the  availability  of 
high  resolution  satellite  data  in  digital  format  such  as  SPOTs 
High  Resolution  Visible  (HRV)  and  Landsat's  Thematic 
Mapper  (TM):  and  3)  progress  in  automated  information 
extraction,  especially  the  application  of  image  matching 
techniques  for  Digital  Elevation  Model  (DEM)  generation 
(Ehlers  and  Welch,  1987;  Day  and  Muller,  1988:  Swann  et 
al„  1988). 

It  can  be  demonstrated  that  image  data,  especially  that  from 
Landsat  TM  and  SPOT  HRV,  are  suitable  for  base  map 
production  and  map  revision  tasks  at  scales  which  were 
previously  deemed  to  be  impossible  for  remote  sensing 
applications  (Dowman,  1987;  Gugan,  1988). 

Remotely  sensed  data,  on  the  other  hand,  can  be  put  to  their 
best  use  if  they  are  incorporated  in  Geographic  Information 
Systems  (GIS)  which  are  "designed  to  accept  large  volumes 
of  spatial  data,  derived  from  a  variety  of  sources,  including 
remote  sensors,  and  to  efficiently  store,  retrieve,  manipulate, 
analyze  and  display  these  data  according  to  user-defined 
specifications."  (Simonett  et  a!..  1983).  A  GIS  therefore, 
when  combined  with  up  to  date  data  from  a  remote  sensing 
system,  can  assist  in  the  automation  of  interpretation,  change 
detection,  map  compilation,  and  map  revision  functions 
(Ehlers,  1989).  One  major  part  of  a  GIS  is  the  ability  to 
overlay  various  layers  of  spatially  referenced  data.  This  allows 
the  user  to  determine  graphically  and  analytically,  how 
structures  and  objects  (e.g.  roads,  water  distribution, 
commercial  zoning)  interact  with  each  other. 


Until  recently,  GIS  databases  were  almost  solely  produced  by 
digitizing  maps.  The  usual  result  of  this  process,  however,  is 
that  the  original  data  and  all  related  information,  such  as 
levels  of  abstraction  and  generalization  or  information  about 
the  digitizing  procedure  (e.g.  scanning  or  manual)  and  its 
reliability,  are  no  longer  available  for  the  GIS  user. 

In  addition,  the  land  mass  is  a  dynamically  changing  entity. 
For  example,  rivers  change  location,  forests  are  cut,  roads 
and  houses  are  built.  Consequently,  our  Information  stored  in 
GIS  is  only  a  static  model  of  the  real  world  and  has  to  be 
updated  on  a  regular  basis.  Satellite  data  offer  repetitive  and 
global  coverage  of  the  earth’s  surface  and,  as  such,  offer  the 
potential  to  monitor  these  dynamic  changes  within  a  GIS. 
The  potential  for  timely  updates  of  geographic  datasets  will 
become  even  more  important  If  GIS  technologies  are  being 
extended  to  marine  areas. 

APPLICATIONS  OF  REMOTE  SENSING/GIS  INTEGRATION 

For  remote  sensing  and  GIS  systems  to  be  truly  integrated, 
several  technical  problems  still  need  to  be  overcome.  The 
most  straight  forward  of  these  problems  is  the  raster/vector 
dichotomy.  The  major  problem  is  caused  by  the  difference  in 
the  structures  used  to  acquire  and  store  the  data.  Remote 
sensing  systems  are  almost  universal  in  the  use  of  the  raster, 
or  "pixel"  format,  In  this  format,  all  information  is  stored  as  a 
collection  of  picture  elements  (pixels),  each  holding  the 
information  at  specific  spatial  coordinates.  GIS  systems,  on 
the  other  hand,  typically  use  the  vector,  or  "line”  format.  This 
format  holds  the  data  as  a  collection  of  lines  and  polygons, 
where  each  structure  holds  the  information  for  a  specific 
region  of  the  image.  While  both  systems  have  their 
advantages,  neither  Is  ideal.  In  addition  to  these,  other  data 
structures  are  being  explored  as  alternatives  (Edwards  et  al„ 
1989). 

Various  efforts  have  been  made  to  research  the  problems  of 
integrating  remote  sensing  data  into  a  GIS.  The  most 
promising  areas  that  have  emerged  to-date  can  be  associated 
with  automated  DEM  generation,  change  detection  and 
database/base  map  production  (toilers  and  Welch,  1985: 
Estes,  1985;  Logan  and  Bryant,  1987;  Barker,  1988). 

DEM  Generation 

Ehlers  and  Welch  (1987),  in  one  of  the  first  stereocorrelation 
experiments  undertaken  with  real  satellite  data,  achieved  a 
root-mean-square  error  (RMSE)  in  Z  of  ±  42  m  with 
sidelapping  Landsat  TM  images.  At  the  very  weak  base-to- 
helght  (B/H)  ratio  of  0.18,  this  Z  error  is  equivalent  to  a 
planimetric  correlation  error  of  ±0.3  pixel,  confirming  that 
correlations  to  better  than  ±0.5  pixel  are  feasible  with  real 
data.  Similar  results  in  correlation  accuracy  have  recently 
been  recorded  for  SPOT  stereo  data  (Slmard  et  al„  1988;  Day 
and  Muller,  1988).  With  more  favorable  base-to-height  ratios 
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and  10-m  pixels  for  SPOT,  however,  RMSEz  values  range 
from  ±6  m  to  ±18  m.  These  accuracies  allow  the  generation 
of  DEMs  and  ortho-images  at  scales  of  1:50,000  from  which 
further  topographic  information  for  GIS  applications  can  be 
derived. 

Change  Detection 

Using  timely  remote  sensing  data  to  identify  and  quantify 
changes  of  the  earth's  surface  has  been  one  of  major 
application  areas  for  GIS  analyses.  Recently,  Ehlers  et  al. 
(1989)  demonstrated  that  SPOT  data  could  be  used  in  a  GIS 
environment  for  regional  growth  analysis  and  local  planning. 
For  the  first  time,  satellite  data  were  operationally  used  at  a 
scale  of  1:24,000  which  is  suitable  for  many  regional  and  local 
planning  tasks.  The  steps  involved  were:  (1)  georeferencing 
the  SPOT  panchromatic  and  multlspectral  data;  (2)  merging 
panchromatic  and  multlspectral  data  to  form  multlspectral 
Images  of  enhanced  spatial  resolution  (Ehlers,  1988):  (3) 
semi-automated  classification  of  land  cover  and  land  use;  (4) 
integration  with  GIS  database:  and  (5)  rigorous  statistical 
error  analysis  based  on  extensive  field  checking. 

It  can  be  shown  that  SPOT  image  data  yield  accuracies  for 
growth  detection  as  high  as  93%.  Once  incorporated  in  a 
GIS  database,  the  spatial  growth  pattern  can  be  readily 
analyzed.  The  data  can  also  be  used  to  quickly  update  GIS 
files  at  scales  of  1:24,000  and  smaller. 

Patabase/Base  Map  Production 

A  very  important  factor  of  high  resolution  satellite  data  is  that 
they  can  serve  as  a  map  basis  when  no  other  reliable  data  is 
available.  Welch  et  al.  (1985)  demonstrated  that  Landsat  TM 
image  data  are  suitable  for  digital  map  production  at  scales  of 
1:100,000  and  smaller.  MacDonald  Dettwiler  prepared 
topographic,  thematic  and  perspective  map  products  from 
TM  data  at  a  scale  of  1:50,000  (Rose  et  al.,  1986).  All 
information,  except  the  cartographic  names,  were  derived 
from  TM  image  data.  More  recently,  Konecny  et  al.  (1988) 
concluded  that  1:50,000  scale  map  products  can  be 
compiled  from  SPOT  stereo  data.  In  a  related  study,  TM 
image  data  were  successfully  used  as  a  digital  database  for 
multisensor  integration  (Welch  and  Ehlers,  1988b).  Overall 
rectification  accuracy  of  SIR-B  image  data  could  be  improved 
by  about  50%  when  the  data  were  registered  to  a 
georeferenced  TM  Image  rather  than  rectified  using  map 
ground  control  points.  The  amount  of  detail  of  cartographic 
information,  on  the  other  hand,  that  could  be  depicted  from 
the  merged  dataset  was  significantly  higher  than  from  the 
single  TM  and  SIR-B  image  layers  (Ehlers,  1988). 

TRENDS  IN  REMOTE  SENSING/GIS  INTEGRATION 

Although  the  potential  for  GIS/remote  sensing  Integration  is 
readily  evident  from  these  and  other  examples,  they  do  not 


yet  represent  an  integrated  GIS/remote  sensing  processing 
concept.  Rather,  they  can  be  seen  as  case  studies  for 
Information  extraction  from  remotely  sensed  data  for 
integration  with  a  GIS  which  usually  results  in  data  transfer 
between  independent  image  processing  systems  and  GIS. 
Recently,  however,  manufacturers  of  GIS  and  remote 
sensing/image  processing  systems  have  started  to  offer 
Integrated  solutions  and/or  standard  interfaces  between 
different  systems  to  facilitate  data  integration  (Welch  and 
Ehlers,  1988a).  Still,  the  ultimate  potential  of  remote 
sensing/GIS  integration  can  only  be  realized  if  this  integration 
can  be  fully  automated.  At  this  time,  this  automation  is  not  yet 
possible,  since  human  interaction,  assistance,  and  editing  is 
still  required.  Recent  developments,  based  on  artificial 
intelligence  and  expert  system  technology,  may  accelerate 
the  automated  integration  process  (McKeown,  1987; 
Goodenough  et  al„  1987).  Other  factors  that  may  accelerate 
the  pace  toward  integrated  systems  include  the  progress  in 
display  systems,  storage  devices,  and  advanced  computer 
architecture  (workstations,  parallel  computing,  networking). 
These  factors  may  eventually  shift  the  focus  from  vector- 
based  systems  to  raster  and/or  hybrid  GIS/remote  sensing 
systems. 

CONCLUSIONS 

The  potential  of  multisensor  satellite  remote  sensing  for  GIS 
can  be  demonstrated  using  current  satellite  data  from  the 
Landsat,  Shuttle,  and  SPOT  programs.  These  remote 
sensing  data  have  been  successfully  used  in  a  GIS 
environment  for  base  map  production,  automated  DEM 
extraction,  terrain  visualization,  and  map  revision/update  at 
scales  from  1:24,000  to  1:100,000.  To  realize  the  full 
potential  of  multisensor  remote  sensing  for  GIS,  however, 
automated  integration  techniques  have  to  be  developed.  It  is 
anticipated  that  advances  In  hardware,  software,  and  Al 
research  will  ultimately  lead  to  fully  integrated  GIS/remote. 
sensing  processing. 
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ABSTRACT 


This  paper  describes  a  demonstration  project,  showing 
how  to  interrogate  large  point  files  using  a  micro¬ 
computer  based  GIS. 

For  evaluation,  an  18,500  record  subset  of  a  Canada¬ 
wide  mineral  occurrence  index  was  written  to  an  ASCII 
file,  one  record  per  occurrence.  The  fields  in  each 
record  comprise  decimal  latitude,  longitude,  status 
(0-6)  of  six  commodities  (Zn,  Pb,  Cu,  Au,  Sn,  Ag), 
overall  status,  name  and  pointer  index  of  the 
occurrence. 

A  basemap  of  Canada  was  created  from  a  raster  image 
showing  land  and  water  using  a  Lambert  Conformal 
projection.  Canada-wide  gridded  data,  showing 
Bouguer  Anomaly,  Isostatic  Anomaly,  Vertical 
Gradient,  Gravity,  Oigital  Elevation  and  Total  Field 
Magnetics  were  imported  into  the  system.  Geological 
regions  and  political  provinces  were  digitized  from 
hardcopy  maps  and  imported  into  the  same  database. 

Once  in  the  GIS  the  point  file  can  be  displayed  ever 
any  reference  map  and/or  vector  files.  The  Nearest 
Point  Query  Operation  is  then  executed.  For  any 
window  the  cursor  is  moved,  the  nearest  point  is 
highlighted  and  the  attributes  associated  with  that 
point  are  instantaneously  displayed  on  the  monochrome 
screen. 

Further  details  about  the  occurrence  may  be  obtained 
by  temporarily  exiting  the  GIS  to  00S  and  executing 
a  routine  to  display  additional  information,  such  as 
deposit  type,  NTS#,  and  associated  mineralogy.  Only 
one  key  stroke  is  required  to  re-enter  the  GIS. 
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Mineral  Resources  Division 
Geological  Survey  of  Canada 
601  booth  Street 
Ottawa,  Ontario  K1A  0E8 


Introduction 

A  Geographic  Information  System  (TYOAC,  1989)  is 
being  evaluated  by  the  Geological  Survey  of  Canada 
(GSC)  for  interactive  interrogation  of  large  point 
files.  For  this  study,  18,500  Canada-wide  mineral 
occurrences  were  written  to  an  ASCII  file,  one  record 
per  occurrence.  The  fields  in  each  record  of  the 
file  comprise  decimal  latitude,  longitude,  status  (0- 
6)  of  six  commodities  (Zn,  Pb,  Cu,  Au,  Sn,  Ag), 
overall  status  of  the  location,  name  and  pointer 
index  of  the  occurrence.  Another  point  file 

representing  deposits  typical  of  the  major  deposit 
types  (Eckstrand,  1984)  was  also  imported  into  the 
system.  This  file  consists  of  about  900  records 
containing  fields  similar  to  the  mineral  occurrence 
file,  but  with  the  addition  of  a  "deposit  type" 
attribute  code. 

Several  Canada-wide  gridded  geophysical  files  were 
obtained  from  the  Geophysics  Division,  GSC.  The  files 
were  transformed  to  image  format  and  downloaded  from,  • 
the  VAX  mainframe  to  an  image  analysis  system 
operating  on  a  386  micro-computer.  The  image  files 
were  then  further  transformed  into  qn  interchange 
format  using  a  raster  interface  module  of  the  GIS. 

The  geophysical  data  included:  Bouguer  Gravity 
Anomaly,  Isostatic. Gravity  Anomaly,  Vertical  Gradient 
Gravity,  Digital  Elevation  (5km  pixels),  and  Total 
Field  Magnetics  (2km  pixels). 

In  addition  to  the  raster  imagery,  digitized  hardcopy 
maps  were  also  input  as  topologically-labelled  vector 
data.  These  maps  included:  geological  regions  and 
political  provinces  of  Canada.  Provincial  capitals 
and  the  Trans-Canada  Highway  were  added  as  cultural 
features.  The  vector  files  were  created  using  the 
GIS  digitizing  module. 
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Establishing  The  Database 

A  "Universe"  was  established  with  a  digitized  basemap 
obtained  from  Environment  Canada  (Environmental 
Information  Systems),  using  a  Lambert  Conformal 
projection,  standard  parallels  49  N  and  77  N,  origin 
at  40  N  and  central  meridian  95  W.  The  ASCII  point 
files  were  imported  directly  into  the  system  and 
projected  into  the  Lambert  universe. 

The  5km  gravity  and  digital  elevation  raster  data 
were  converted  into  quadtree  map  files.  A  quad  level 
of  11  (15  is  the  maximum)  was  chosen  to  maintain  the 
5km  resolution  of  the  original  raster.  The  level 
defines  the  size  of  the  smallest  quad  cell  to  be  used 
for  data  storage,  i.e.  level  11  is  equivalent  to  2" 
»  2048  cells  wide.  The  magnetic  data  was  also 
converted  into  a  quadtree  map,  using  level  13,  i.e. 
with  2”  °  8192  cells  wide. 

The  graphics  board  used  for  the  study  was  a  Number 
Nine  Corporation,  PRO  1280  card,  with  output  to  a 
Mitsubishi  colour  monitor.  The  graphics  card 
supplies  1280  by  1024  pixels  and  supports  a  colour 
range  of  0-255.  The  8  bit  (0-255)  raster  imagery  was 
therefore  left  unclassified  when  converted  into 
quadtrees.  A  second  series  of  quadtree  maps  was 
created  based  on  classification  break  points  to  give 
a  histogram  equalization.  The  vector  map  data, 
geological  regions  and  political  provinces,  were  also 
transformed  into  quadtree  maps. 

A  vector  file  was  generated  from  the  quadtree  basemap 
showing  the  shoreline  and  major  lakes.  The 
geological  regions  and  provincial  boundary  vectors 
can  be  superimposed  over  any  map  for  reference 
purposes. 


Query  Operations 

With  the  maps  and  point  files  in  the  GIS  the 

information  can  then  be  interactively  queried.  A 
typical  operation  includes  the  following  steps: 

1.  Selection  of  a  suitable  window,  e.g. 

Maritime  provinces; 

2.  Display  a  reference  map,  e.g.  Bouguer 

Anomaly; 

3.  Superimpose  vectors  with  selected  colour 
or  line  style,  e.g.  provincial  boundaries; 

4.  Selection  of  the  point  file  and  display  of 
all  copper  occurrences  in  the  file; 

5.  Enter  point  query  mode 

The  arrow  keys  or  a  mouse  is  used  to  move  the  cursor. 
The  nearest  point  is  highlighted  and  the  attributes 
associated  with  that  point  are  instantaneously 

H  t  ^ n  1  r* ovv'nftr*  Crtr  ovamnlo  t  ho 

y  w  v"'-  M>VU«U.1I  Vl«k  .  -  t  » •  - 

following  attribute  record 

45.2056  -64.0403  Zn  6  PB  6  Cu  6  Au  0  Sn  0  Ag  6  6  701 
Walton 

includes  latitude,  longitude,  status  code  (0-6)  for 
Zinc,  Lead,  Copper,  Gold,  Tin  and  Silver,  an  overall 
status  of  the  occurrence,  a  unique  pointer  index  and 
occurrence  name.  The  status  codes  have  been 
simplified  to  0,  2,  4,  6  corresponding  to: 


0  -  does  not  occur 
2  -  occurrence 
4  -  prospect 
6  -  deposit 

The  user  can  temporarily  leave  the  GIS  and  execute  a 
routine  to  access  further  details  including:  NTS 
number,  geological  province  and  subprovince,  deposit 
type,  description  of  mineralogy,  and  a  list  of  all 
commodities,  which  occur  and  their  status. 

The  major  deposits  point  file  can  also  be  displayed 
and  interrogated  in  a  similar  manner.  Points  can  be 
displayed  based  on  the  status  of  one  of  the  same  six 
commodities  (Zn,  Pb,  Cu,  Au,  Sn,  Ag)  or,  based  on  a 
"deposit  type"  code  assigned  in  Eckstrand  (1984). 
Selected  deposit  types  can  be  highlighted  (e.g. 
Mississippi  Valley  Pb-Zn  and  about  80  others),  in 
addition  to  the  point  query. 

The  map  files  in  the  database  can  be  queried  in  a 
similar  operation.  Up  to  10  maps  can  be  interrogated 
simultaneously  by  cursor  position,  latitude, 
longitude  or  by  projection  XY  coordinates.  The 
cursor  is  moved,  the  values  of  the  selected  maps  at 
that  position  are  instantaneously  displayed  on  the 
monochrome  screen.  Thus,  for  a  particular  mineral 
occurrence,  the  various  geophysical  responses,  the 
elevation  and  geological  provinces  can  be  determined 
at  that  site  or  at  a  succession  of  point  locations 
in  the  same  neighbourhood. 

Conclusions 

1.  Point-query  operations  with  the  GIS  are  fast 
enough  for  Interactive  spatial  query  of  large 
point  databases,  even  though  the  system  operates 
on  a  microcomputer. 

2.  Flexible  display  of  large  raster  images;  such  as 
2  km  gridded  airborne  magnetic  data  for  the 
whole  of  Canada,  on  colour  display  monitors  up 
to  1280  x  1024  resolution,  provides  the 
graphical  background  against  which  mineral 
deposit  data  can  be  displayed  and  interrogated, 
aiding  interpretation. 

3.  The  interactive  query  operations  are  an 
important  function  that  complement  the  modelling 
capabilities  of  geographic  information  systems 
(Bonham-Carter  et  al,  1988). 
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ABSTRACT 

This  paper  examines  the  feasibility  of  LANDSAT 
image  data  in  land  use  studies  for  a  test 
location  in  South-East  Scotland.  Integration 
of  remotely  sensed  data  and  contextual  data  is 
achieved  by  using  an  interface  between 
GEMSTONE-35  image  processing  system  and 
ARC/INFO  Geographic  Information  System  (GIS). 
Included  are:  classification  of  land  use/land 
cover,  accuracy  assessment,  transformation  of 
classified  image  to  GIS  and  comparison  of 
results  for  different  dates.  Analysis  on  the 
TM  image  of  September  14,  1986  has  been 

completed.  The  overall  accuracy  of  the  image 
classification  was  assessed  as  88%.  Along  with 
a  discussion  on  the  research  results  and 
difficulties  in  image  analyses,  preliminary 
conclusions  are  drawn  that  the  synergism  of 
remotely  sensed  and  contextual  data  is  of 
substantial  significance  in  land  use  studies. 

KEY  WORDS:  Remote  Sensing,  GIS,  Interface, 
Overlay,  Classification,  Land  Use. 

1.  INTRODUCTION 

Major  changes  in  land  use  will  take  place  in 
Europe  in  the  immediate  years  ahead  as  the 
effects  of  how  policies  change  on  agricultural 
support  become  felt.  Satellite  imagery  affords 
a  means  of  monitoring  changes  in  land  use  and 
updating  information  on  the  distribution  and 
dynamics  of  land  use.  Using  satellite  imagery 
successfully  as  a  regular  input  for  land  use 
monitoring  in  Scotland  requires  a  measure  of 
luck  in  being  able  to  obtain  usable  imagery  on 
a  routine  basis  and  substantial  contextual 
knowledge  of  the  ground  situation  to  counter 
this  and  the  subtlety  of  the  changes  in  land 
cover.  One  of  the  characteristics  of  land  use 
in  Scotland  is  the  complexity  within  a  short 
distance.  This  leads  to  difficulties  in 
analysing  satellite  images.  Therefore 
incorporation  of  ancillary  data  and  a  prior 
knowledge  are  of  special  value. 


This  paper  examines  the  application  and  the 
feasibility  of  LANDSAT  image  data  in  land  use 
studies  for  a  test  location  in  South-East 
Scotland  and  seeks  to  establish  a  feasible 
approach  to  monitoring  recent  changes  in  land 
use.  Integration  of  the  data  is  achieved  by 
using  an  interface,  which  has  been  developed 
in  the  Department  of  Geography,  University  of 
Edinburgh,  between  the  GEMSTONE-35  image 
processing  system  and  ARC/ INFO-ORACLE.  Image 
analysis  is  the  principal  thrust  of  the  study 
and  the  major  procedure  includes:  definition 
of  a  classification  system,  classification  of 
land  use/land  cover,  post-classification 
filtering,  accuracy  assessment,  transformation 
of  classification  results  to  GIS  and 
comparison  of  results  for  different  dates. 
Finally  it  is  followed  by  a  critical 
discussion  based  on  the  research  results, 
concerning  the  classification  accuracy  and  the 
usefulness  of  the  LANDSAT  imagery  and  its 
potential  synergism  with  contextual  data. 

2.  METHODOLOGY 

The  adopted  methodology  involves  several 
steps.  First  is  the  selection  of  the  study 
area.  The  Lammermuir  Hills  area  in  South-East 
Scotland  covers  different  land  use  zones  from 
lowland  to  upland  and  has  experienced  such 
changes  as  afforestation  of  former  moorland, 
conversion  of  rough  pasture  to  improved 
grassland  and  expansion  of  arable  land  towards 
the  upland  over  the  past  four  decades  (Eadie, 
1984).  Availability  of  a  range  of  data  and 
easy  access  to  the  area  for  ground  truth  work 
also  Influenced  this  choice  of  a  study  area. 

The  datasets  for  the  study  included:  the 
yearly  Farm  Cropping  Programme  by  the 
Edinburgh  Centre  of  Rural  Economy  which 
provides  valuable  reference  information  on 
ground  truth  data;  images  for  two  dates  with 
one  being  MSS  data  for  April  24,  1984  and  the 
other  TM  data  for  September  14,  1986;  and 
additional  cartographic  data  from  topographic 
maps,  maps  of  land  capability  for  agriculture. 
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and  soil  maps,  which  provide  a  basis  for 
improving  classification  of  the  LANDSAT 
imagery. 

GEMSTONE-35  is  a  1024  x  1024  workstation  with 
its  own  integral  68020-based  processor  and  is 
linked  to  a  MICROVAX  computer  for  access  to 
the  satellite  data  and  file  management.  With 
up  to  27  image  stores,  the  GEMSTONE  system  can 
perform  a  wide  variety  of  processing 
operations.  ARC/ INFO-ORACLE  was  developed  in 
the  Department  of  Geography,  University  of 
Edinburgh  and  is  interfaced  with  the  GEMSTONE- 
35  system  via  a  series  of  programs.  Classified 
raster  image  files  can  be  transformed  into 
ARC/INFO  vector  format  and  recoded  into  new 
class  groupings  whilst  ARC/INFO  polygon  and 
arc  coverages  can  be  converted  into  GEMSTONE 
image  format  for  manipulation  in  the  image 
processing  environment. 

Prior  to  the  image  classification,  geometric 
correction  of  LANDSAT  imagery  helps  to 
eliminate  spatial  distortions  of  the  image, 
stemming  from  many  factors  which  affect  the 
collection  of  remotely  sensed  data.  Mergence 
with  other  datasets  and  transference  between 
vector  and  raster  data  also  require  that  both 
image  and  the  digital  cartographic  data  layers 
are  geometrically  corrected  to  the  same 
coordinate  system.  In  this  study,  one  TM  image 
and  one  MSS  image  have  been  corrected  for  the 
study  area.  The  output  images  have  been 
registered  to  the  British  National  Grid 
coordinate  system.  The  pixel  sizes  have  been 
resampled  to  50m  x  50m  in  order  to  overcome 
problems  resulting  from  the  different  spatial 
resolutions  of  the  two  images. 

A  second  step  prior  to  classification  was  to 
gather  ground  truth  data  for  training  the 
classifier  and  generating  the  statistics.  The 
yearly  Farm  Cropping  Programme  by  the 
Edinburgh  Centre  of  Rural  Economy  provided  a 
means  to  assist  discrimination  between  fields 
with  different  crops.  The  aspatial  data  of 
agricultural  statistics  were  mapped  into 
spatial  form.  The  resultant  map  was  used  as 
ground  truth  data  for  defining  training  areas. 
In  addition,  aerial  photographs  and  Ordnance 
Survey  maps  were  also  used  to  assist  in 
defining  areas.  The  statistics  generated  from 
the  training  areas  were  then  saved  and  used 
for  the  image  classification.  The  integrated 
land  cover  classification  was  carried  out  on  a 
pixel  by  pixel  basis  using  a  Maximum 
Likelihood  Classifier. 

LANDSAT  image  classification  has  enabled  rapid 
generation  of  land  cover  maps.  But  user 
acceptance  has  lagged  behind  due  to  the 
difficulties  in  the  specification  and 
statistical  testing  of  accuracy.  In  this 
study,  a  post-classification  median  filter 
was  applied  to  remove  isolated  pixels.  The 
proportion  of  mixed  pixels  remaining 


unclassified  was  also  reduced  to  a  large 
extent  after  the  filtering.  Accuracy 
assessment  of  the  classification  performance 
was  then  made  by  random  sampling  of  individual 
areas  for  each  class  to  examine  inclusive  and 
exclusive  classification  errors.  Finally, 
satisfactory  classification  results  for 
different  dates  can  be  compared  to  show 
changes  in  land  use.  This  can  be  achieved  by 
transferring  the  digital  classification 
results  to  ARC/ INFO-ORACLE  after  recoding  each 
class  to  a  new  group. 

3.  CURRENT  RESEARCH  STATUS 

Imagery  analysis  on  the  TM  data  of  September 
14,  1986  has  been  completed. 

After  contrast  stretching  the  image  bands  3,4 
and  5,  ground  control  points  were  chosen  by 
identifying  recognisable  points  from  both  the 
image  and  the  Ordnance  Survey  1:50000  map 
sheets.  Then  using  GEMSTONE  modules,  the  image 
was  geometrically  corrected  and  the  pixel  size 
was  resampled  from  its  original  30m  x  30m  to 
50m  x  50m.  The  cubic  convolution  method  was 
chosen  for  the  interpolation  of  the  output 
pixel  intensity.  The  relationship  between 
image  coordinates  and  grou,.J  coordinates  was 
also  established  for  the  area  delimited  by 
British  National  Grid  Coordinates. 

Then  twenty-eight  areas  were  defined  with  the 
help  of  the  aforementioned  Farm  Cropping 
Programme,  aerial  photographs  and  other 
ancillary  data  incorporated  through  ARC/INFO. 
A  prior  knowledge  of  the  ground  situation  and 
visual  interpretation  of  the  image  also  played 
a  part  in  defining  the  training  areas. 

The  statistics  generated  from  those  twenty- 
eight  areas  were  saved  and  used  to  classify 
subscenes  of  the  image.  The  segmentation  of 
the  image  to  subscenes  for  classification 
helped  to  reduce  certain  obvious  errors.  For 
example,  pixels  classified  as  built-up  areas 
on  the  moors  and  built-up  areas  classified  as 
moors  can  be  readily  excluded.  Classification 
results  on  subscenes  were  then  copied  into  one 
image  with  the  same  pixel  size  and  location  as 
prior  to  the  classification.  This  combined 
image  shows  the  image  classification  results 
for  the  whole  study  area. 

The  image  containing  classification  results 
was  enhanced  by  applying  a  median  filter  to 
exclude  isolated  pixels.  The  image  file  was 
further  recoded  into  new  groupings  for  rapid 
combination  of  classes  prior  to  transference 
to  ARC/INFO  or  for  redisplay  on  the  GEMSTONE 
workstation.  The  number  of  class  after  the 
recoding  was  reduced  from  28  to  9,  namely, 
water  surface,  grassland,  pasture,  arable 
land,  moorland,  forest  land,  built-up  area, 
cloud/shadow  and  unclassified  area. 
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An  accuracy  assessment  was  then  carried  out  on 
seven  of  those  nine  classes.  Cloud/shadow  and 
the  unclassified  areas  were  ignored.  The 
random  sampling  of  the  individual  pixels  was 
applied  to  each  class  with  a  sample  size 
determined  by  its  weight  in  the  whole  image 
and  the  assumed  prior  accuracy  (Hay,  1979; 
Rosenfield,  1982).  Each  sample  point  was  then 
checked  with  updated  Ordnance  Survey  1:25000 
map  sheets  and  supplemented  by  field  checking. 
A  prior  knowledge  also  permits  a  decision  to 
accept  or  reject  the  classification  of  certain 
pixels.  A  contingency  table  was  thus  presented 
(Table. 1).  As  van  Genderen  (1977) 
demonstrated,  this  table  shows  the  following 
aspects: 

**  The  frequency  that  any  one  land  use  type 
(on  the  ground)  is  erroneously  attributed  to 
another  class,  as  those  values  in  Row  FI  of 
Table. 1. 

**  The  frequency  that  the  wrong  land  use  (as 
observed  on  the  ground)  is  erroneously 
included  in  any  one  class,  e.g.,  those  in 
column  F2  of  table. 1. 

**  The  proportion  of  all  sampled  pixels 
which  are  miaclassified.  In  this  case,  42/363 
of  all  attributions  are  incorrect. 

**  The  determination  of  whether  the  errors 
are  random  or  subject  to  a  persistent  bias. 


Thus  the  overall  accuracy  was  assessed  as  88 
per  cent  with  an  accuracy  for  each  class 
better  than  77  per  cent.  In  general,  the 
classification  performance  was  satisfactory, 
although  certain  classes  such  as  grassland 
could  not  satisfy  the  general  criteria 
proposed  by  Loelkes  et  al  (1983),  where  the 
minimum  level  of  interpretation  accuracy  in 
identifying  land  use/land  cover  categories 
from  remote  sensing  data  should  be  at  least  85 
per  cent. 

Using  the  integration  between  GEMSTONE  image 
processing  system  and  ARC/INFO  GIS,  the 
results  of  classification  were  transferred  to 
ARC/INFO  as  a  new  thematic  overlay  for  further 
use. 

A  number  of  important  points  about  using 
remote  sensing  image  and  the  classification 
performance  need  to  be  made  as  follows. 

First  of  all,  the  effect  of  clouds  and  shadows 
seemed  a  problem  which  precluded  a  complete 
study  of  the  image.  In  the  TM  image,  the 
classified  clouds  and  shadows  took  1.24  per 
cent  of  the  pixels  in  the  whole  scene  within 
the  study  area.  Apart  from  the  fact  that  areas 
under  clouds  or  shadows  will  not  give  any 
information  on  land  use,  the  existence  of 
clouds  and  shadows  may  affect  the 
classification  performance.  For  instance,  some 
of  the  dark  shadow  areas  had  very  low  spectral 
reflectance  values  and  therefore  were 


LAND  USE 

(on  the  ground) 

water 

grass 

pasture 

arable 

moorland 

forest 

built-up 

total 

F2 

LAND  USE 

(image  classification) 

water 

26 

26 

0 

grass 

37 

2 

8 

1 

48 

11/48 

pasture 

4 

45 

1 

2 

52 

7/52 

arable 

5 

108 

6 

11/119 

moorland 

3 

29 

4 

36 

7/36 

forest 

51 

51 

0 

built-up 

5 

1 

25 

1  1 

W  ► 

total 

26 

46 

50 

121 

31 

58 

31 

363 

FI 

9/46 

5/50 

13/121 

2/31 

7/58 

6/31 

42/363 

Table  1. 


Numbers  of  San  id  Pixels  in  Actual  and  Classified  Land-use  Categories 
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misclassif ied  as  water  whereas  they  were 
actually  crop  lands.  As  aforementioned,  it  is 
quite  difficult  to  get  cloud  free  images  in 
Scotland.  Thus  the  incorporatio 1  of  ancillary 
data  such  as  land  use  survey  from  other 
sources  is  crucial.  Work  by  Gurney  (1983)  has 
shown  that  contextual  methods  can  be  used  in 
separation  of  cloud  and  cloud  shadow  from  the 
remainder  of  a  satellite  scene.  To  achieve 
this,  the  synergism  of  remote  sensing  and 
contextual  data  is  of  particular  value  and 
significance. 

Another  problem  arose  from  the  definition  of  a 
category  of  land  use.  One  example  can  be  the 
definitions  of  grassland,  pastures  and  arable 
land.  By  broad  definition,  grasslands  include 
heath,  bracken  and  other  rough  grassland  and 
pastures  are  mainly  the  improved  grassland 
while  arable  lands  comprise  crop  land  and 
fallows.  On  the  image,  these  three  land  uses 
may  have  a  very  similar  spectral  reflectance 
at  the  time  when  the  image  was  taken. 
Therefore  classification  errors  may  occur 
easily.  This  would  affect  the  overall 
classification  performance.  From  Table  1,  it 
can  be  seen  that  8  out  of  11  pixels  which  were 
misclassified  as  grasslands  were  attributed  to 
arable  lands  and  4  out  of  7  errors  for 
pastures  were  attributed  to  grasslands.  To 
overcome  those  difficulties,  more  detailed 
ground  truth  data  and  certain  image 
enhancements  prior  to  the  classification  may 
be  helpful. 

Finally,  whilst  post-classification  filtering 
helped  to  remove  isolated  pixels  and  reduce 
the  proportion  of  the  unclassified  pixels,  it 
affected  the  classification  to  some  extent. 
Small  areas  may  be  merged  into  their 
neighbouring  land  uses,  e.g.,  a  farm  house  or 
a  road  next  to  croplands  may  be  represented  as 
arable  land  on  the  classified  image  after  the 
filtering.  Considering  the  characteristics  of 
land  use  in  Scotland,  where  subtle  variations 
occur  within  a  short  distance,  the  effect  of 
merging  should  not  be  ignored  completely. 


4.  PRELIMINARY  CONCLUSIONS 

Results  so  far  have  shown  the  great  potential 
of  LANDSAT  imagery  < area  measurement  and 
mapping  spatial  distribution  of  land  cover 
types.  The  integration  of  remote  sensing  and 
GIS  techniques  is  of  substantial  significance 
in  land  use  studies.  Remote  sensing  generates 
a  wide  variety  of  data  as  an  input  to  update 
GIS  data  planes  while  GIS  provides  an 
efficient  use  of  the  ancillary  data  required 
by  remote  sensing  analysis  and  enables 
relationships  between  datasets  to  be  explored 
and  tested. 
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R6sum6 

On  a  intdgry  h  un  systbme  d'information  g<5ographique  (S.I.G.) 
liquation  universelle  des  pertes  de  sol  ce  qui  nous  a  permis  de 
calculer  l'yrosion  hydrique  d'un  secteur  agricole  de  500  km2  des 
Cantons  de  l'Est  (Quebec). 

Une  image  HRV  de  SPOT  nous  a  permis  d’en  cartographier 
l'utilisation  du  sol  (facteur  C).  Le  modile  numdrique  d'dldvation 
(M.N.E.)  a  6i6  intdgry  au  S.I.G.  et  il  nous  permet  d'en  driver  le 
facteur  de  topographic  (facteur  LS).  Finalement,  h  la  carte 
pddologique  numyris6e,  nous  associons  1'^rodabilitd  de  chacun  des 
types  de  sol  (facteur  K). 

En  appliquant  cette  Equation,  nous  obtenons  les  pertes  de  sol  pour 
l'ensemble  du  territoire  delude.  Les  pertes  totales  sont  de  791 
tonnes  m(5triques/ha/an  ^parties  comme  suit.  24  t/ha/an  pour  la 
foret,  95  t/ha/an  pour  les  cultures  et  672  t/ha/an  pour  les  secteurs  de 
sol  nu. 

Abstract 

We  integrated  to  a  geographical  information  system  (G.I.S.)  the 
Universal  Soil  Loss  Equation  (U.S.L.E.)  to  estimate  soil  erosion 
losses  due  to  water  erosion  in  an  agricultural  region  of  500  km2  in 
the  Eastern  Townships  (Qudbec). 

A  HRV  SPOT  image  was  used  to  determine  the  land  use  (C  factor). 
The  digital  elevation  model  (D.E.M.)  was  also  integrated  to  a  G.I.S. 
to  derive  the  topographic  factor  (LS  factor).  Finally,  we  added  the 
digitized  soil  map  units  with  their  soil  erodibility  to  the  G.I.S.  (K 
factor). 

When  applying  this  equation,  we  obtained  the  total  soil  loss  for  our 
study  area.  The  total  soil  loss  is  791  metric  tons/ha/year  divided  as 
follows:  24  t/ha/an  for  forest,  95  t/ha/an  for  crops  and  672  t/ha/an 
for  bare  soils. 

Mots-clds:  Erosion  hydrique,  tdldd^tcction,  U.S.L.E.  (Equation 
universelle  des  pertes  de  sol),  S.I.G.  (systbme  d'information 
gdograpbique),  imagerie  HRV  de  SPOT,  M.N.E.  (modble 

11U111V114UU  uuwauun;. 

Probl6matique 

La  baisse  de  fertility  des  sols  agraires  est  en  partie  due  aux  pertes  de 
sols  causyes  par  l'yrosion  hydrique.  L'augmentation  de  la  superficie 
des  cultures  sarciyes  (mat's)  dans  des  secteurs  it  topographie 
accidentye  tels  que  les  Cantons  de  l'Est  accroit  les  risques  d'drosion 
hydrique  (Pesant  et  Boivin,  1985).  A  la  station  de  recherches  de 
Lennoxville,  on  a  mesurd,  sur  des  pentes  de  10%,  des  taux 
d’yrosion  hydrique  pouvant  attcindrc  15  700  kg/ha/an  (Pesant, 
1983). 


De  plus,  des  dtudes  ont  ddmontrd  que  l'yrosion  hydrique  a  ddjil 
yrody  de  25  it  75%  de  l'horizon  A  des  sols  de  cette  rygion  (Dubd, 
1975).  II  s’en  suit  une  perte  de  fertility  qui  doit  etre  compensye  par 
des  apports  supiymentaires  en  fertilisants.  Ceci  entraine  une 
augmentation  des  coQts  de  production  et  ieur  dispersion  contribue  it 
la  pollution  des  cours  d'eau  car  its  sont  eux  aussi  drodds  et 
transportys  par  l'eau  de  ruisellement. 

L'drosion  hydrique  des  sols  entraine  aussi  d'autres  probldmes 
comme  la  sydimentation  dans  les  cours  d'eau,  les  ryseaux  de 
drainage  et  les  ryservoirs  artificiels.  Aux  fitats-Unis,  on  a  dvalud  des 
coflts  annuels  de  144  $  Q  197  $  millions  pour  les  pertes  de  capacity 
d'emmagasinage  en  eau  (Crowder,  1987)  et  de  1  $  it  1.2  $  milliards 
pour  les  coQts  associys  au  dragage  des  matyriaux  provenant  de 
l'yrosion  des  sols  agraires  seulement  (Clark  II,  1985).  De  plus,  les 
sydiments  yrodys,  transportys  par  les  cours  d'eau,  entrainent  des 
coQts  suppiymentaires  lors  des  opyrations  de  filtrage  des  eaux  de 
consommation.  On  a  yvaluy,  pour  les  communautys  de  l'ytat  d’Ohio, 
(Etats-Unis),  qu'une  ryduction  de  25%  de  l'yrosion  hydrique  des 
sols  se  traduirait  par  une  yconomie  de  2.7  $  millions  en  frais  de 
traitements  des  eaux.  (Forster  et  al.,  1987). 

Malgrd  tous  ces  impacts  yconomiques  et  environmentaux,  trds  peu 
d'ytudes  globales  des  problbmes  d'yrosion  ont  yt d  faites  it  ce  jour. 
Liquation  universelle  des  pertes  de  sol  (U.S.L.E)  (Wischmeier  and 
Smith,  1958)  est  une  mythode  qui  pemiet  d'yvaluer  les  zones  it  haul 
risque  d'yrosion  hydrique.  D'une  fa?on  traditionnellc,  elle  est 
utilisye  avec  des  outils  conventionnels  d'investigation 
(photographies  ayriennes,  cartes  topographiques  et  pydologiques  et 
mesures  sur  le  terrain).  Nous  nous  proposons  d’en  amyiiorer  la 
rapidity  de  calcul  en  employant  des  outils  modernes  tels  la 
tyiydytection  et  les  S.I.G.  afin  de  couvrir  de  plus  vastes  territoires 
tout  en  ryduisant  les  coQts  de  realisation.  Nous  pourrons  ainsi 
dyterminer  plus  rapidement  et  adyquatement  des  moyens  pour 
corriger  la  situation  avant  que  les  sols  les  plus  sensibles  ne 
deviennent  infertilcs. 

Hypothbse 

L'intygration  des  donndes  satellitaires,  de  la  carte 
pddologique  numyrisye  et  d’un  moddle  numyrique  d’yiyvation 
(M.N.E.)  it  un  ($  1 0 )  augment?  la  rapidity  de  mesure  de  l'drosion 
hydrique.  Nous  assurons  ainsi  un  suivi  d'un  territoire  plus  vaste 
qu'avec  les  mythodes  traditionnelles. 

Objectif 

Le  but  principal  de  cette  recherche  est  d'intygrer  des  documents 
numyrisys  provenant  de  sources  diverses  it  un  (S.I.G.)  dans  le  but 
d'augmenter  la  rapidity  de  mesures  des  pertes  de  sol  dues  it  l'drosion 
hydrique  it  l'aide  de  l'U.S.L.E..  Les  documents  utilises  sont  les 
suivants: 
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-Image  HRV  de  SPOT  (utilisation  du  sol:  factcur  C) 

-Cane  pddologique  numdrisde  (indices  d'drodabilitd:  K) 
-M.N.E.  (factcur  de  topographic:  ft  partir  dc  S  (pente)  et  L 
(longueur  dc  pente)) 

Lcs  S.I.G  permettent  dc  gdrer,  de  synthdtiscr  et  d'analyser  la  masse 
de  donndes  disponil.les  sur  un  territoire.  II  s'avire  done  l'outil  lc 
plus  adequat  pour  la  gestion  agricole  et  plus  particulidrement  le  suivi 
de  l'drosion  hydrique. 

Mdthodologic 

a)  Secteur  d'tStude: 

Le  secteur  d’dtude  est  situd  ft  5  km  au  sud-est  de  Sherbrooke 
et  couvrc  500  km^  (Figure  1).  II  est  limitd  au  nord  par  la  rividre 
Saint-Fran^ois,  au  sud  par  Cooaticook,  ft  l'ouest  par  le  lac 
Massawippi  et  ft  l  est  par  Sawyervillc.  On  y  retrouve  pnncipalement 
des  fermes  laitidres  et,  associccs  ft  celles-ci,  la  culture  du  mats 
ensilage,  des  cereales  et  des  plantes  fourragdres. 


Figure  1:  Secteur  d'dtude 

b)  liquation  univcrsclle  des  pertes  de  sol  (U.S.L.E.): 

Cette  dquation,  mise  au  point  par  Wischmcieret  Smith  (1958),  nous 
permet  de  calculer  lcs  penes  annuelles  de  sol  causdcs  par  l'drosion 
hydrique.  Elle  s'exprimc  comme  suit: 

A=  R*K*LS*C*P 

ou:  A=pertes  annuelles  de  sol  (kg/ha/an) 

R=donndcs  piuviomdtriques:  dnergie  cindtique  des  pluies 
(MJ*mm/ha*hcure*an) 

K=indice  d’drodabilitd:  ddrivd  de  tests  utilisant  le  simulateur  de 
pluic.  (varie  de  0  ft  1 )  (t*ha*heurc/ha*Mj*mm) 

LS=facteur  de  topographie  (calculd  ft  panir  dc  la  pente  (S)  et  de 
la  longueur  de  la  pente  (L)  tous  deux  ddrivds  du  M.N.E. 
C=Evolution  des  cultures:  donndes  moyennes  (ft  partir  de 
tableaux  dc  Wischmeier  (1978)  (varie  de  0  ft  1) 

P=Pratiqucs  culturalcs:  donndes  moyennes  (ft  panir  de  tableaux 
de  Wischmeier  (1978)  (varie  de  0  ft  1). 


Cette  dquation  nous  servira  ft  ddterminer  les  pertes  de  sol  dues  ft 
l’drosion  hydrique  sur  l'ensemble  du  territoire. 

c)  Traitcmcnts  numdriques  des  images: 

Une  image  HRV  du  satellite  SPOT  acquise  le  25  octobre  1986  a  dtd 
utilisde  pour  ddterminer  l'utilisation  du  sol. 

-Stapes  de  traitements: 

i)  Corrections  radiomdtriques:  Pour  obtenir  des  valeurs  de 
rdflcctance  au  capteur  dans  les  trois  bandes  HRV  de  SPOT,  nous 
devons  transformer  les  niveaux  dc  gris  en  rdflectance  apparente  au 
capteur  en  nous  servant  des  valeurs  de  calibration  fournies  avec 
l'image. 

ii)  Corrections  gdomdtriques.  Tous  les  documents  sont  corrigds 
gdomdtriquement  ft  un  systdme  de  rdfdrence  spatial  (grille  U.T.M.) 
pour  pouvoir  etre  intdgrds  ft  un  S.I.G..  (cartes  topographiques  (1: 
50  000)  de  Sherbrooke  et  Coaticook  (21  E/5  et  21E/4)). 

iii)  Classification  supervisde:  Des  sites  d’entrainement  sont  choisis 
sur  l'image  pour  chacune  des  quatre  classes  d'utilisation  du  sol  ft 
cartographier  (hydrographie,  foret,  cultures  et  paturages  et  sols 
nus).  L'algorithme  de  classification  du  maximum  de  vraisemblance 
est  alors  appliqud  ft  l’image  en  utilisant  les  trois  bandes  spectrales 
(verte,  rouge  et  infra-rouge),  (tableau  1). 

Tableau  1:  Superficies  obtenues  par  la  classification  supervisde; 

image  HRV  de  SPOT  du  25  octobre  1986  avec  indices 
C  et  P  associds  ft  chacune  des  classes. 


Classes 

Superficies 

Indices 

(%) 

(km2) 

C 

P 

Eau 

0,07 

0,351 

0,000 

0,0 

Fordt 

66,09 

331,575 

0.003 

0.5 

Culture 

26,49 

132,931 

0,030 

1.0 

Sol  nu 

7,35 

36,873 

1,000 

1.0 

Total 

100,00 

501,730 

d)  Carte  pddologique: 

La  numdrisation  des  15  types  de  sol  de  la  carte  pddologique  s'est 
effectude  sur  le  systdme  de  traitements  d'images  DIPIX  ARIES  III  ft 
1'aide  de  la  camdra  Eikonix.  Nous  effectuons  ensuite  une  correction 
gdomdtrique  pour  superposer  cette  image  ft  l'image  HRV  de  SPOT, 
(tableau  2). 

Tableau  2:  Superficies  de  chacun  des  types  de  sol  et  indices  K 
conrespondants. 


Types  de  sol 

Superficies 

Indices 

D 

Terre  franchc  sablonneuse  dc  Duffcrin 

% 

13,80 

(km2) 

73,199 

K 

*0,21 

Sh 

Terre  Tranche  sablonneuse  dc  Sherbrooke 

15,26 

80,952 

*0,11 

Gl 

Terre  franchc  dc  Greensboro 

26,18 

138,822 

*0,09 

Cu 

Terre  Tranche  dc  Calais 

7,35 

38,992 

0,07 

T 

Terre  mardcagcusc  (tourbe) 

1,38 

7,316 

0,00 

CL 

Terre  franchc  argilcusc  de  Coaticook 

6,72 

35,663 

*0,21 

Ml 

Terre  franchc  rochcusc  de  Magog 

4,94 

26,173 

0,24 

Sf 

Terre  franchc  sablonneuse  de  Sheldon 

12,36 

65,526 

*0,30 

M 

Sable  fin  de  Milby 

3,63 

19,245 

0,04 

o> 

Terre  franchc  sablonneuse  dc  CoUon 

3.4’ 

isnsR 

0,05 

Ua 

Sol  alluvionnairc  non  classifid 

0^33 

1,771 

0,06 

Dg 

Terre  franchc  gravclcusc  dc  Danby 

0,32 

1,706 

0,31 

L 

Terre  franchc  argilcusc  de  Lennoxville 

0,12 

0,629 

0,21 

Rs 

Roche 

0,53 

2,817 

0,00 

Bm 

Terre  franchc  de  Berkshire 

3,67 

19.442 

0,06 

Total 

100,00 

**  530,341 

*  Indices  K  mesurds  ft  l'aide  du  simulateur  de  pluie  (dtd  1988). 

**  Lcs  superficies  totales  varient  entre  certaines  cartes  du  fait  que 
les  documents  ne  proviennent  pas  des  memes  sources. 
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c)  Mesure  dcs  indices  d'drodabilitd  (K)  dcs  diffdrents  lypcs  de  sols 
dc  la  rdgion  A  l'aide  du  simulalcur  dc  pluie. 

Lcs  mdu.cs  d'crudabilitd  dc  unq  lypcs  dc  sols  dc  la  region  out  dtd 
mesurds  A  l'aide  du  snmilalcur  de  pluie  dc  la  slaliun  dc  rccherchcs  dc 
Lcnnoxville  (Agriculture  Canada).  Ce  siinulatcurdc  pluie  cst  ddrivd 
dc  cclui  mis  au  point  par  Meyer  ct  McCunc  (1958).  Nous  cffcctuons 
deux  simulations  stir  chacun  dcs  cinq  types  dc  sols  ct  cc  dans  trois 
classes  de  pente  (environ  4,  8  ct  12%).  Nous  en  ddrivons  le  facteur 
K  (drodabilitd)  dc  l'U.S.L.E.  (tableau  2). 

0  M.N.E. 

Cc  moddlc  numdrique  d'dldvation  provient  dc  la  U  S.  Geological 
Suney  (L'SGS)  II  a  did  realist*  A  partir  dc  la  carte  topograpliiquc  au 
1  250  000  ct  sa  rdsolution  spatialc  a  dtd  rddchantillonnde  A  50  m 
pour  lcs  besoins  de  cctte  dtude  Sa  rdsolution  altimdtrique  cst  dc 
30,3  m  LeMNO  cst  corrigd  gdomdtriquement  dans  le  but  dc  le 
superposer  A  l'image  I1RV  dc  SI’OT.  Nous  en  ddrivons  lcs  factcurs 
S  (pente)  ct  L  (longueur  dc  la  pente) ,  ndccssaires  lors  du  calcul  du 
facteur  dc  topographic  (LS).  Lcs  pentes  sont  expriindes  en  quatre 
classes:  0-5%,  5-10%,  I0%-15%  ct  >15%,  (lcs  homes  supdricures 
dtant  exclusives).  Lcs  longueurs  dc  pentes  sont  comprises  entre  0  ct 
63  (»50m  par  niveau). 

L'dquation  pour  le  calcul  dc  LS  facteur  dc  topographic  (Wischmcicr 
and  Smith,  1978)  intdgre  lcs  valcurs  dc  pente  ct  dc  longueur  de 
pente.  Ellc  s'cxprimc  coinine  suit: 

LS=  (L/22,15)'"  *  (65,41*  (sin(S))2  +  4,56  ♦  sin(S)  +  0,065) 
oil  m=  indicc  variant  scion  la  pente 

Tableau  3:  Superficies  de  la  cane  dcs  pentes,  indices  S  (radians)  ct 
m  associds. 


Pente 

1  Superficies 

Indices 

% 

(%) 

(km2) 

S  (radians)  m 

0-5 

71,97 

381,682 

0,024993  0,3 

5-10 

21,45 

113,774 

0.074857  0,5 

10-15 

4,23 

22,415 

0,124355  0,5 

>15 

2,35 

12,470 

0,197397  0,5 

Total 

100,00 

530,341 

g)  Donndes  pluvioindtriqucs: 

Le  facteur  R  de  l'U.S.L.E.  reprdsente  l'dnergie  cindtiquc  annuclle 
dcs  pluics.  Pour  cctte  dtude,  nous  le  considdrons  commc  constant 
sur  l’cnscmble  du  temtoirc.  La  vnlcur  dc  1275  MJ*mm/ha/hcurc/an 
lui  a  dtd  attribud  (Lagacd,  1980). 

h)  S.I.G.: 

Lcs  images  corrcspondant  aux  diffdrents  factcurs  de  l'U.S.L.E.  sont 
ensuite  convertics  en  format  matricicl  Quadtree  avee  le  logicicl 
SPANS  dc  TYDAC.  Le  format  Quadtree  condense  l'information  IA 
oil  il  n'est  pas  ndccssairc  d'avoir  une  prdcision  plus  grande.  Lcs 
zones  uniformes  sont  constitudcs  d'unites  de  plus  grandcs 
dimensions  tandis  que  lcs  zones  hdtdrogdncs  sont  ddcundcs  jusqti'A 
uniformitd  du  pixel.  La  figure  2  nous  montre  un  cxcmplc  de 
ddcimation  Quadtree  A  un  niveau  3.  Nous  pouvons  ainsi  obtenir 
jusqu'A  16  niveaux  dc  ddcimation  de  l'image  ct  cc  processus  s'arretc 
lorsquc  lcs  pixels  sont  uniformes.  Ceci  permet  d'augmenter  la 
rapiditd  d'cxdcution  dcs  calculs  car,  avee  cc  format,  il  y  a 
gdndralisation  dc  l'information. 


Figure  2:  Format  Quadtree  (niveau  3) 

La  prochainc  dtape  consiste  A  erder  des  fichicrs  dc  variables  associds 
A  chacun  des  documents  (factcurs  K,  P,  C,  R).  Pour  chacun  des 
tlidmcs,  un  chiffricr  contcnant  lcs  valcurs  dc  chaquc  facteur  cst  erdd. 

Nous  dcrivons  l'dquation  des  pertes  dc  sols  dans  un  fichicr  ct  cc 
programme  fait  appcl  A  chacune  dcs  valcurs  prdalablcmcnt  incluses 
dans  lcs  diffdrents  chiffricrs  pourcalculcr  lcs  pertes  de  sols.  La  carte 
rdsultantc  cst  aussi  automatiquement  obtenue  scion  lcs  classes  dc 
pertes  dc  sols  ddsirdcs. 


Tableau  4:  Superficies  dc-  pertes  de  sol  et  pertes  totalcs  de  sol  pour  chaquc  utilisation  du  sol 


Pertes  de  sol  (kg/ha/an) 


Pertes 


0 

0-10 

10-50 

50-100 

100-500  500-1 

K  1-2  K 

2-5  K 

5-10  K 

>10000 

Totales 

Utilisation 

(t/ha/an) 

du  sol 

Eau 

0,351 

0,000 

0,000 

0,000 

0.000 

0,000 

0,000 

0,000 

0,000 

0,000 

km2 

0 

0,07 

0,00 

0,00 

0,00 

0,00 

0,00 

0,00 

0,00 

0,00 

0,00 

% 

Poret 

8,461 

0,172 

0,000 

0,000 

0,000 

0,000 

0,000 

0,000 

0,000 

0,000 

km2 

24 

1,69 

64,37 

0,03 

0,00 

0,00 

0,00 

0,00 

0,00 

0,00 

0,00 

% 

Cultures 

0,945 

113,444 

16,259 

1,813 

0,471 

0,000 

0,000 

0,000 

0,000 

0,000 

km2 

95 

0,19 

22,61 

3,24 

0,36 

0,09 

0,00 

0,00 

0,00 

0,00 

0,00 

% 

Sols  nus 

0.405 

0,000 

14,278 

9,042 

10,292 

1,650 

0,882 

0,296 

0,027 

0,001 

km2 

672 

0,08 

0,00 

2,85 

1,80 

2,05 

0,33 

0,18 

0,06 

0,01 

0,00 

% 

Total 

10,162 

2,03 

436,387 

86,98 

30,709 

6,12 

10,855 

2,16 

10,763 

2,15 

1,650 

0,33 

0,882 

0,18 

0,296 

0,06 

0,027 

0,01 

0,001 

0,00 

km2 

% 

791 

7  6 


Resultats 

Les  pertcs  de  sol  dues  it  l'drosion  hydrique  ont  dtd  cartographies  en 
10  classes.  Le  tableau  4  nous  prdseme  les  superficies  pour  cliaque 
thdmc  de  la  carte  de  l'utilisation  du  sol  en  plus  des  pertcs  totales 
pour  chaque  thdme.  Les  pertes  totales  sur  l'ensemble  du  secteur 
d'dtude  sont  de  791  tonnes  mdtnqucs/ha/an  rdparties  comme  suit.  24 
t/ha/an  pour  la  foret,  95  t/ha/an  pour  les  cultures  et  672  t/ha/an  pour 
les  secteurs  de  sol  nu.  Ceci  nous  permet  de  mettre  en  lumidre  le  fait 
quc  l'drosion  hydrique  est  en  forte  relation  avec  l'utilisation  du  sol. 

Les  pertes  moyennes  de  chacun  des  thdmes  de  la  carte  d'utilisation 
du  sol  se  rdpartissent  comme  suit.  0,71  kg/ha/an  pour  le  couvert 
forestier,  7,16  kg/ha/an  pour  les  cultures  et  182,26  kg/ha/an  pour  les 
zones  de  sol  nu. 

Pour  la  carte  des  pentes,  les  pertes  moyennes  de  sol  se  rdpartissent 
de  la  fa$on  suivante.  5,74  kg/ha/an  pour  les  pentes  de  0-5%,  29,41 
kg/ha/an  pour  les  pentes  de  5-10%,  56,38  kg/ha/an  pour  les  pentes 
de  10-15%  et  88,77  kg/ha/an  pour  les  pentes  de  plus  de  15%  et  ce, 
inddpendament  de  l’utilisation  du  sol. 

Conclusion 

La  cartographic  quantitative  de  l'drosion  est  done  beaucoup 
simplifide  par  l'utilisation  d'un  S.I.G..  En  effet,  les  parametres  du 
module  peuvent  etre  modifies  d  volontde  ce  qui  nous  permet  de 
visuahser  inddpendament  les  effets  et  l'importance  de  chacune  des 
variables  du  moddle.  Cette  dtude  est  done  une  premidre  demarche  en 
vue  de  l'optimisation  du  suivi  de  l'drosion  hydrique  des  sols.  La 
mdthodologie  ainsi  ddveloppde  nous  permettra  de  calculer 
systdmatiquement  les  pertes  de  sol  sur  de  vastes  terriroires,  et  ce,  d 
moindres  frais.  Cette  mdthode  est  d’ailleurs  la  seule  pouvant 
atteindre  un  tel  but  pour  des  superficies  aussi  grandes. 

Par  contre  la  mdthode  pourrait  s'avdrer  beaucoup  plus  prdcise  si  tous 
les  facteurs  ndeessaires  au  calcul  de  l'drosion  hydrique  dtaient  plus 
prdcis. 

Le  facteur  de  topographie  (ddnvd  de  S  et  L)  serait  plus  exact  si  le 
M.N.E.  avail  une  meilleure  resolution  altimdtrique  et  spatiale. 

Le  facteur  C  serait  quant  a  lui  beaucoup  mieux  dvalud  si  plusieurs 
images  dtaient  acquiscs  pendant  la  saison  vdgdtative  d'unc  mcme 
annde  et  ce,  pour  quclques  anndes  successives.  Nous  pourrions 
ainsi  avoir  une  meilleure  idde  de  1'dvolution  des  cultures  au  cours 
d'une  meme  annde  ainsi  que  de  la  rotation  des  cultures  au  fil  des 
ans.  La  classification  pourait  comportcr  plus  de  thdmes  ce  qui 
permettrait  d'augmenter  la  precision  du  facteur  C. 

Le  facteur  de  pluviomdtrie  (R)  pourrait  quand  it  lui  etre  calculd  d 
chaque  annde.  Ceci  nous  permetterait  de  tenir  compte  des  valeurs 
extremes  parfois  observables  d'une  annde  d  l'autre. 

Cette  dtude  etant  une  premidre  approche,  nous  tenions  it  verifier  la 
validitd  de  la  mdthode.  L'amdlioration  de  la  prdcision  de  certains 
documents  utilisds  aurait  pour  effet  d'amdliorer  de  beaucoup  la 
prdcision  du  calcul  des  pertes  de  sol.  De  plus,  l'ajout  de  moddles  de 
diffusion  des  particules  solides  et  de  la  pollution  diffuse  (produits 
dissouts)  nous  permetterait  de  tendre  vers  un  systdme  expert  de 
gestion  agricole. 
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ABSTRACT 

As  part  of  a  project  to  Introduce  remotely  sensed 
data  into  an  existing  Land  Related  Inforation  System 
(LRIS)  for  local  level  land-use  planning,  a  series  of 
digital  map  and  image  products  were  developed  and 
evaluated  for  their  potential  to  provide  useful 
information  to  local  land  managers.  The  test  site  was 
Oxford  Co. ,  Ontario,  where  a  comprehensive  LRIS  Is 
used  operationally  by  the  county  planning  office. 
Using  Thematic  Mapper,  SPOT  and  MOS-1  Image  data,  a 
series  of  enhancements  and  ground  cover 
classifications  were  produced.  These  Image  products 
were  combined  with  data  from  the  LRIS  In  two  ways:  In 
Image  (raster)  form  as  either  themes  or  enhanced 
Images,  and  as  vector  map  layers  extracted  from  the 
boundaries  of  image  classifications.  While  the  visual 
impact  of  enhanced  images  overlayed  with  existing  map 
files  was  very  strong,  the  integration  of  mao  and 
Image  data  on  a  single,  Interactive  display  remains  a 
technical  problem  for  many  GIS/Image  Analysis  systems. 
On  the  other  hand,  Image  classifications  converted  to 
vector  map  layers  offer  to  potential  users 
Information  on  land  use/land  cover  In  an  easily 
retrieved  and  manipulate  form.  The  technical  issues 
of  Integration  are  fewer  In  this  approach  and 
disruption  of  existing  data  structures  and  system 
management  are  kept  to  a  minimum. 

Keywords:  Remote  Sensing/GIS  Integration,  Soil 

Conservation 


INTRODUCTION 

The  Integrated  use  of  remotely  sensed  data  and  map 
information  from  Geographic  Information  Systems  (GIS) 
has  received  much  attention  recently.  While  many 
technical  Issues  of  data  exchange  between  specific 
vendors’  systems  have  been  resolved,  the  use  of 

InJ’PgiatPd  1m  agp/mpp  products  *S  st*H  1ow.  Qno 

reason  for  this  is  the  scarcity  of  digital  GIS 
databases  used  operationally  within  Canada.  For 
several  years.  Oxford  County,  Ontario  has  been  the 
site  of  an  operational  Land  Related  Information  System 


(LRIS)  for  land  use  and  municipal  planning  (Ottaway, 
1988).  Previous  unpublished  work  within  CCRS  used  GIS 
layers  within  an  Image  analysis  system  to  evaluate  the 
use  of  Integrated  products  for  local  level  land 
management.  While  the  Oxford  Co.  LRIS  Is  primarily 
focused  on  urban  planning,  this  work  concentrated  on 
rural  land  use  Information  and  soil  conservation,  a 
lower  resolution  application  better  suited  to  the 
capabilities  of  remote  sensors  (Clhlar  et  at.,  1987; 
Sauchvn,  1989).  This  paper  describes  a  follow-on 
project  which  had  two  specific  objectives; 

-  to  Identify  the  specific  Information  needs  of  the 
township  level  managers  which  may  be  satisfied  by 
combined  image/map  products;  and 

-  to  develop  sample  products  for  evaluation  by  the 
local  users. 

The  Intent  was  to  develop  digital  products  which  could 
be  manipulated  within  a  GIS  In  order  to  take  advantage 
of  the  network  for  data  distribution  which  already 
existed  within  the  county.  However,  restrictions  In 
the  current  display  hardware  of  the  Oxford  Co.  system 
would  prevent  the  full  colour  display  of  Image  data, 
so  some  of  the  Initial  products  have  been  created 
within  the  Image  analysis  environment  where  the 
viewing  of  Images  Is  superior. 

At  the  time  of  writing,  the  work  was  not  as  advanced 
as  had  been  expected.  This  paper,  therefore,  will 
report  only  on  the  progress  to  date  and  will  discuss 
only  preliminary  results.  Example  products  and  user 
reaction  will  be  available  for  discussion  at  the  time 
of  presentation  In  July. 

DATA 

A  variety  of  Image  and  map  data  sources  were 
available  for  the  project  (Table  1).  The  focus  of  the 
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County  data  set.  All  map  data  were  supplied  In 
topologically  structured  ARC/INFO  coverages  (line 
and/or  polygon)  except  for  the  NTS  1:50000  map  sheet 
which  contained  feature-coded  spaghetti  vectors  In 
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Intergraph  IGDS  format.  These  data  were  converted  to 
ARC/INFO  format  through  in-house  systems  and  vendor 
supplied  translation  packages.  The  NTS  1:50000  files 
have  been  used  to  date,  instead  of  the  C3M  1:20000 
files,  because  of  the  smaller  data  volume  and  their 
compatibility  with  image  data  at  25  metre  pixel 
spacing.  Future  work  witn  high  resolution  SPOT  PLA 
data  may  require  the  higher  positional  accuracy  of  the 
OBH  data  to  achieve  acceptable  overlays.  Significant 
misregistration  of  features  was  observed  between  map 
layers  from  different  sources  (sometimes  >  50  metres) 
with  the  worst  registrations  observed  in  the 
agricultural  overlays. 

To  date,  the  Thematic  Mapper  and  MOS-1  MESSR  Image 
data  have  been  UTM  geocoded  at  25  metre  pixel  spacing 
through  manual  ground  control  point  selection.  The 
SPOT  data  will  be  UTM  geocoded  at  10  metre  spacing  in 
the  near  future.  Only  the  May  28.  1988  scene  has  be 
used  in  the  generation  of  products  so  far  because  of 
the  significance  of  spring  time  vegetation  and  crop 
residue  cover  in  soil  conservation. 

The  exchange  of  data  between  the  IAS  and  GIS  was 
performed  using  a  combination  of  vendor  supplied  and 
custom  software.  The  systems  used  in  this  work  were 
a  Dipix  ARIES-III  image  analysis  system  (IAS)  and  an 
ESRI  ARC/INFO  geographic  information  system,  both 
located  at  the  Canada  Centre  for  Remote  Sensing.  The 
map  coverages  from  ARC/INFO  were  transferred  to  the 
ARIES  and  rasterized  via  exchange  software  supplied  by 
Dipix  (Landriau  and  Manore,  1989).  Raster  theme  files 
which  resulted  from  image  classification  were 
transferred  to  ARC/INFO  grid  files  where  they  were 
vectorized  by  standard  ARC/INFO  routines.  The 
translation  of  the  raster  data  to  ARC/INFO  grid  format 
was  accomplished  with  in-house  programs. 

TRIAL  PRODUCTS 

Map  Overlays  on  Image  Data:  Using  the  map  and  pre- 
processed  imaqe  data,  a  series  of  trial  products  was 
generated.  The  first  were  products  for  viewing  on 
systems  with  good  Image  display  capabilities.  These 
were  three-band  colour  composites  comprising  contrast 
stretched  TM  4,  TM  5.  and  TM  3  (RGB)  onto  which 
selected,  rasterized  map  layers  were  overlayed.  The 
road,  natural  drainage,  and  property  overlays  were 
found  to  improve  the  visual  quality  of  the  Imagery 
more  than  any  others  (Figure  1).  They  provided  a  good 
geographic  frame  of  reference  which  assisted  the 
visual  Interpretation  and  location  of  ground  features, 
but  which  did  not  obscure  the  within  field  ground 
detail.  It  Is  anticipated  that  users  of  this  type  of 
presentation  will  appreciate  the  familiarity  of  simple 
image  products  (because  of  their  similarity  to  aerial 
photographs)  and  will  be  impressed  with  the  level  of 
detail  visible  within  individual  fields.  In 
particular,  micro-drainage  patterns,  variations  in 
soil  moisture,  and  the  distribution  of  vegetation  and 
crop  residue  were  easily  Interpretable.  This  type  of 
product  (in  either  digital  or  photographic  form)  could 
be  used  as  a  site  reference  when  dealing  with 
relatively  small  areas  such  as  a  single  farm. 

The  remaining  map  layers,  such  as  soils,  tile 
drainage,  and  contours  were  considered  to  be  of  less 
value  In  this  type  of  presentation  because  their 
content  was  less  readily  related  to  what  could  be 
visually  Interpreted  from  the  scene,  and  because  they 
sometimes  obscured  detail  from  the  underlying  Image. 
It  was  reasoned  that  the  value  of  these  layers  lies 
more  In  their  distinctive  attributes  (soil  texture. 


elevation,  etc.)  than  In  their  location  alone,  and 
that  these  are  more  appropriately  treated  in  the  GIS. 

Image  Classification:  Rapid  paralleplded 

classifications  were  performed  on  the  May  TM  image  to 
extract  three  visually  evident  classes;  vegetated 
fields,  woodlot,  and  fields  with  high  harvest  residue. 
Using  only  TM  3.  TM  4,  and  TM  5,  classifications  for 
each  class  were  created  individually  based  on  visually 
identified  training  sites.  A  post  classification 
filter  with  a  threshold  of  25  pixels  was  applied  to 
’clean’  the  results  of  spurious  pixels. 

When  displayed  over  the  image  data,  the  classified 
theme  layers  were  found  to  be  disruptive  to  visual 
interpretation  rather  than  beneficial.  Although  the 
areas  of  the  chosen  class  were  highlighted  In  the 
presentation,  the  opaque  themes  obscured  all 
underlying  detail. 

The  three  classifications  were  then  exported  In 
raster  format  to  the  GIS  where  they  were  subsequently 
vectorized  Into  the  same  map  coordinates  as  the 
original  map  coverages.  In  this  format,  the  results 
of  the  classification  become  as  dlsplayable  and 
manageable  as  any  existing  map  layer.  Several  options 
for  display  were  examined;  the  most  agreeable  of  which 
was  the  classification  displayed  In  solid  shades 
underlying  vector  llnework  and/or  attribute  text  from 
the  other  coverages.  Because  the  classified  data  are 
solid  themes  with  no  Interior  detail,  the  overlying 
layers  do  not  significantly  hinder  the  visibility  of 
the  underlying  information. 

Although  the  visual  map  products  appear  to  very 
useful,  the  real  value  of  these  transferred 
classification  polygons  Is  that  they  may  be  used  In 
analytical  map  operations  with  the  other  covers. 
Example  products  that  will  be  derived  In  the  near 
future  Include: 

-  the  calculation  of  total  vegetated,  bare,  and  high 
residue  surface  cover  by  region  or  operator’s 
property : 

-  the  identification  of  bare  fields  on  high  slopes  of 
light  soil  textures  to  target  areas  of  high  soil 
erosion  potential; 

-  the  identification  of  land  cover  (vegetated,  residue, 
bare)  on  fields  with  artificial  drainage  (tiles). 

DISCUSSION 

The  preliminary  results  of  this  work  have  Identified 
a  small  number  of  potential  products  derived  from  only 
a  sub-set  of  the  available  Image  and  map  data.  What 
has  emerged,  however,  are  two  distinct  classes  of 
products  which  reflect  the  display  and  analysis 
capabilities  of  IAS  and  GIS  systems. 

The  high  level  of  local  detail  Interpretable  from 
enhanced,  multi-band  Imagery  Is  readily  usable  because 
of  Its  similarity  to  familiar  aerial  photographs. 
This  detail  cannot  be  extracted  or  reduced  to  data 
volumes  manageable  by  vector  based  GIS  systems,  so  it 
is  best  left  In  Image  format  tor  visual  analysis. 
Only  small  areas  at  a  time  can  be  effectively  analyzed 
this  way,  so  this  type  of  product  would  be  appropriate 
for  consultations  with  Individual  farm  operators  on 
soil  conservation  practices,  or  for  the  assessment  of 
land  cover/soil  condition  In  known  problem  areas.  It 
was  found  that  only  a  minimum  of  ancillary  map  layers 
could  be  overlayed  on  these  Image  data  before  they 
obscured  too  much  of  the  underlying  detail. 
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Ground  cover  maos  that  could  be  extracted  from  the 
Imagery  by  classification  were  observed  to  be  well 
suited  to  the  analysis  environment  of  the  GIS.  These 
data  could  be  extracted  for  large  areas  (l.e.  whole 
townships  or  counties),  but  at  a  lower  level  of  detail 
than  available  through  visual  interpretation.  By 
definition,  a  classification  Is  a  reduction  of  the 
data.  In  this  Instance,  the  data  are  reduced  to  a 
form  Ideally  suited  to  thematic  mapping  and  spatial 
analysis  in  a  GIS. 

A  significant  technical  Issue  which  influences  the 
development  of  integrated  image/map  products  is  the 
limited  display  hardware  supported  by  IAS  and  GIS 
vendors.  Traditionally,  IAS  vendors  have  used  raster 
mapped  24  or  32  bit  colour  displays,  while  GIS  vendors 
have  used  high  resolution  vector  graphics  devices, 
often  with  restricted  colour  palettes.  The  best 
display  system  for  integrated  products  permits  Image 
display  with  high  radiometric  resolution  (24  bits) 
while  maintaining  qood  vector  graphics  capabilities 
for  map  information  and  text.  Only  a  limited  number 
of  vendors  support  these  types  of  displays,  which  to 
date  has  restricted  the  easy  Integration  of  the  two 
data  types  and  continues  to  be  a  barrier  to  the 
adoption  of  remotely  sensed  data  to  GIS  users. 
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Figure  1:  Thematic  Mapper  Channel  3  overlayed  with 
property  boundaries  for  a  portion  of  Norwich  Township, 
Oxford  Co.,  Ontario.  The  property  lines  were  found  to 
reinforce  the  patterns  In  the  landscape  and  assist 
visual  Interpretation. 


Figure  2:  The  results  of  a  classification  of  spring 
vegetated  fields  overlayed  by  property  boundaries 
(dark  lines)  and  soil  units  (light  lines).  Annotation 
Indicating  soil  type  Is  also  displayed. 
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TABLE  1:  Data  Available  for  Norwich  Township,  1988 


al  Digital  Hao  Data 


Data 

Source 

Format 

Content 

NTS  1:50000 

Canada  Centre 

IGDS 

line  features  from 

for  Happing 

NTS  topographic  maps 

Ontario  Base 

Oxford  Co. 

ARC/INFO 

line  features  from 

Hap  1:20000 

Planning  Office 

OBH  topographic  maps, 

DTH 

Polaris 

Oxford  Co. 

ARC/INFO 

property  boundaries 

Planning  Office 

from  Ontario  land  registry 

Agricultural 

Ontario  Hlnistry  ARC/INFO 

general  land  use,  tile 

Thematic  Haps 

of  Agriculture 

drainage,  soils 

and  Food  (OHAF) 

bl  Satellite  : 

Image  Data 

• 

Sensor 

Date 

Scene  Reference 

Landsat  TH 

07-5-88 

18-30  Quad  3 

24-6-88 

18-30  Quad  3 

SPOT  PLA 

28-5-88 

GRS  612- 

-263 

HOS-1  HESSR-1 

29-9-88 

HRS  167- 

-59 
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ABSTRACT 

The  present  paper  describes  a  land  eva¬ 
luation  process  by  using  the  powerful 
microcomputer  based  Geographical  Infor¬ 
mation  System  (GIS).  It  proposes  a  new 
model  for  land  Quality  assessment,  the 
revising  coefficient,  and  an  approach  to 
identifying  limitations.  It  shows  that  the 
GI3 ,  based  on  the  microcomputer,  is  prac¬ 
tical  and  easy  to  use.  The  paper  also 
suggests  the  importance  of  developing  a 
data  analysis  software  package  concurr¬ 
ently  with  tne  perfection  of  the  GI5. 

Key  words:  microcomputer  CIS,  land  eva¬ 
luation,  evaluation  model. 

INTRODUCTION 

Land  is  the  natural  complex  on  the 
earth's  surface  consisting  of  natural 
elements  such  as  relief,  rock,  vegetation, 
soil  and  hydrology  (C .S .Christian  and  G.a. 
Stewart, 1 953; .  One  of  the  basic  cnaracter- 
istics  of  land  is  having  production  capa¬ 
bility.  Land  evaluation  embraces  both 
assessment  of  its  natural  characteristics 
and  estimation  of  its  agro-economic  ones. 
The  former  is  called  land  quality  assess¬ 
ment  including  specific  purpose  assessment 
ana  general  purpose  assessment.  The  latter 
is  discussea  here  including  its  capability 
and  suitability  for  farming,  forestry  and 
animal  husbandry. 

Conventionally,  land  evaluation  was 
made  by  personnel  with  practical  exper¬ 
ience  through  fielu  surveying  ana  inves¬ 


tigation.  On  tne  one  hana,  it  requires 
persons  to  evaluate  and  make  a  map  of  a 
large  area.  On  the  other  hand,  because 
the  results  depended  on  the  evaluator's 
intentions  to  a  great  extent,  it  is  not 
easy  to  compare  the  conclusions  made  by 
different  evaluators.  The  first  problem 
has  been  solved,  along  with  the  deve¬ 
lopment  of  remote  sensing  techniques  and 
their  applications  in  land  research. 

But  the  second  one  has  remained  unsolved. 

The  Geographical  Information  System 
has  developed  rapidly  in  recent  years. 

It  has  been  applied  to  many  fields.  Its 
four  main  functions — data  collection, 
data  managment,  data  analysis  and  infor¬ 
mation  output— supplied  an  advanced  and 
strong  mean  for  land  resources  research 
in  land  information  managment,  analysis 
and  automated  cartography  (P.A.Burrough, 
1982).  To  date,  the  GIS  has  been  runn¬ 
ing  mostly  on  expensive  minicomputers 
and  mainframe  computers  (P.F. Fisher  et 
al,19£fe).  They  are  not  suitable  for 
wide  use  in  developing  countries.  The 
functions  of  GIS  based  on  the  micro¬ 
computer,  although  its  capacities  are 
smaller  than  the  mainframe  computer, 
were  quite  perfect  (G.Schultink, 19°Y) • 
tie  established  a  GIS  in  IBM-XT  computer 
and  used  it  to  evaluate  the  land  qua¬ 
lity  successfully  in  Huang  Tu  Liang 
area  (50  km2),  Ping  Quan  county. 

The  approaches  of  land  evaluation 
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are  classified  as  categoric  system  and 
parametric  system.  Both  of  them  have 
either  advantages  or  drawbacks.  V/e  com¬ 
bined  both  in  our  work  dividing  the  sui- 
tabijity  class  using  categoric  system, 
then  calculating  the  subclass  and  limita¬ 
tions  using  parametric  system.  The  results 
were  quite  satisfactory. 

METHODS 

Grid-digitizing  the  landtype  units  and 
inputting  into  CIS  to  store  as  evaluation 
units;  establishing  the  mathematical 
evaluation  model  and  taking  it  as  one  of 
the  analysis  packages  of  G1S;  comprehens¬ 
ing  all  land  resources  information  to 
assess  land  quality;  outputting  maps  and 
tables  of  land  evaluation  and  limitations. 

EVALUATION  UNITS 

Researches  of  landtype  are  the  basis  of 
land  quality  assessment .  '.Vc  mapped  the 
landtype  in  the  research  area  at  the 
scale  of  1:50000  by  interpretation  of 
Landsat  TM  anu  infrared  airphoto  and  regi- 
strated  it  with  terrain  maps.  The  land 
site  (it  is  the  lowest  grade  among  land 
class,  subclass  and  site)  was  regarded  as 
land  evaluation  object.  Grid-digitizing 
it,  according  Jo  the  evaluation  accuracy 
,  the  size  of  grid  cell  was  defined  as 
100*100  meter  square  on  earth.  Coding  and 
keyboarding  it  into  CIS  to  store  being 
the  unit  of  evaluation. 

EVALUATION  FACTORS 

Using  categoric  system,  the  landtype 
was  divided  into  four  groups:  agriculture 
-suited,  forestry-suited,  animal  hus¬ 
bandry-suited  and  inadvisable  for  all  of 
them.  We  selected  several  evaluating 
factors  for  the  first  three  groups  accor¬ 
ding  to  such  respects  steadily  Influenc¬ 
ing  land  quality.  These  were  geomorphic 
conditions,  soil  conditions,  fertility, 
irrigation  and  limitations,  Becaues  the 
growth  of  crops,  trees  and  herbages  need 
different  natural  conditions,  the  factors 
selected  for  each  group  were  not  at  all 
the  same. 

The  data  and  information  of  each  factor 


were  obtained  by  remote  sensing  interpre¬ 
tation,  DTM  derivation  and  sorting  out 
soil  survey  Information.  Some  of  this 
information  was  quantitative  or  semi- 
quantitative  and  the  others  were  qualita¬ 
tive.  Parts  are  shown  in  tablel .  They  all 
were  inputted  into  GIS,  creating  the 
attribute  document  of  evaluation  units 
respectively. 

EVALUATION  MODEL 

There  are  two  main  methods  of  land  evalua¬ 
tion  in  a  parametric  system  which,  having 
been  universally  accepted,  are  Califor¬ 
nian  Storie  Index  Rating  (Storie  1953, 
1976)and  Gorman  Bodenschatzung  and  its 
derivatives  (Rothkegel  1935;  Strzemski 
1972).  Becaise  the  latter  requires  very 
detailed  knowlege  of  the  land  being 
evaluated,  their  application  is  restri¬ 
cted  to  those  countries  where  such 
information  is  available.  The  Storie 
Index  is  widely  applied  but  has  certain 
inherent  limitations,  especially  when 
the  results  are  compared  with  a  farmer's 
experience  of  the  land.  The  author  of 
this  paper  therefore  suggests  a  new 
method  of  evaluation. 

According  to  comprehensive  principle 
(Land  quality  is  formed  by  comprehensive 
action  of  each  natural  element  where 
characteristics  of  any  single  element 
can  not  substitute  for  land  quality), 
differentia  principle  (Because  the 
effect  of  eacn  element  on  land  produc¬ 
tion  capability  is  not  same  a3  others, 
they  shouldn't  be  treated  equally  during 
the  evaluation  process)  and  limitation 
principle  (The  element  whose  attributes 
are  least  suitable  for  land  production 
capability  compared  with  other  elements 
is  the  limitation  factor) ,  a  weighted 
addition  system  is  proposed: 

Q I  Wi*CFi  n — number  of  factors 

where  QI_index  of  land  quality,  land  will 
classified  into  different  class  of 
suitability  by  dividing  its  scores 
(see  to  table2) . 

wi _ weightness  of  each  factor,  it 

is  calculated  by  Saaty's  method. 
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Table).  Faotors  and  its  attribnt.s  of  afir i on  1  t.ure  suitable  land 


t  \  -\  fao- 
pos  \t,ors 

soi  1  lay! 
-or ( om ) 1 

text  ! 
-urn  ! 

s  1  opo 

organ . 
ma  1 1 . 

P  ! 

( ppm ) ! 

PH  ! 

1 

1 

irrig¬ 

ation 

1 

33.8 

sandy 

0  9 

1.01 

7.2 

7.5 

wat. 1  or 

2 

52.7 

1  l  g  .  1 onm 

0.7 

1.13 

1.4 

7.5 

wat . log 

3 

70.0 

san . 1 i g . 

2.4 

1 .09 

4.3 

7.0 

wat . 1  or 

1 

40.0 

loamy 

0.8 

1.16 

4.8 

7.8 

suffic. 

5 

r.  i .  :t 

) ir. Ion . 

0 . 5 

1.13 

4.2 

7 . 3 

suf f i r . 

(5 

77.0 

1  oamy 

1  .(5 

1 .07 

3 . 5 

7.6 

havi ng 

7 

63.0 

sandy 

1.8 

1 .04 

3.5 

7 . 3 

havi ng 

8 

9(5 . 0 

1  on /o | ay 

8.0 

1 .04 

3.7 

7.4 

notgood 

4 

(50.0 

1  l  R . 1 oa  . 

11.8 

1.01 

3.2 

7 , 5 

no t  good 

10 

(52.0 

1  oa/o 1 av 

13.(5 

1.11 

2.7 

(5.4 

suf f i o . 

1  1 

88.0 

san  .  -  1  i  R 

10.2 

1 .05 

3 . 5 

7 . 5 

notgood 

1  2 

120.0 

loa/o] ay 

13.4 

0.85 

4.0 

7 . 5 

nothave 

n 

f>() .  5 

1  l  R . -  1 oa 

12.4 

1.43 

2.0 

7.3 

Kllf  f  i  o . 

1  _ Flat  land  with  sandy  soil 

2  Shrub  flat  land  with  sandy  raeaaow 

3  Shrub  flat  land  with  meadow  soil 

4  _ Mixed  grass  flat  land  with  meadow  soil 

5  _ Leached  flat  land  with  drab  soil 

6  _ Leacheu  flat  land  with  meadow  soil 

7  _ Leacheu  flat  land  with  sandy  drab  soil 

8  _ Gentle-  slope  land  with  leached  drab 


soil 

9  _ Gentle  slope  land  with  slightly 

eroded  drab  soil 

10  _ Valley  land  witn  leacheu  drab  soil 

11  _ Tableland  with  leached  drab  soil 

12  _ Low  mountain  slope  land  with  leached 

drab  soil 

13  _ Valley  land  with  brown  forest  soil 


CFi _ single  element  evaluating  func¬ 

tion  of  each  factor.  It  is 
constructed  with  the  relation¬ 
ship  between  factors  and  land 
production.  That  is  to  say, 
the  most  suitable  value  of 
each  factor's  attribute  is  def¬ 
ined  as  CF  100,  the  most  un¬ 
suitable  value  is  defined  as 
CF  0,  between  tnem,  the  func¬ 
tion  is  lineally  related  with 
the  factor's  attributes. 


Table2.  Division  of  land  capaointy  class 
and  subclass  in  agriculture  suitable  land 


suitable  suitable  scores 
classes  subclasses  of  index 


!  1 

!  I  2 

!  3 

!  1 

!  II  2 

!  3 

!  1 

!  Ill  2 

!  3 

!  1 

!  IV  2 

l  3 


In  the  past, it  was 


96-100  ! 

93-96  ! 

90-93  ! 

85-90  ! 

80-85  ! 

75-80  ! 

70-75  ! 

65-70  ! 

60-65  ! 

55-60  ! 

50-55  ! 

<50  ! 


difficult  to  compare 


the  land  quality  belonging  to  different 


climate  regions.  In  this  paper,  a  revi¬ 
sing  coefficient  ( 5  )  is  proposed: 


where  K1 ,K2 _ the  effective  growth  co¬ 

efficient  belonging  to  climate 
regionl  and  2  respectively. 

iC=ZPt*Pw 

XI, X2 _ the  starting  and  ending 

date  of  effective  vegetal  period. 

Ft _  the  Effective  temperature 

coefficient  (Ref. 5). 

Fw _ the  effective  precipitation 

coefficient  (Ref. 6). 

There  are  different  climates  in 
mountains  and  on  plains  because  of  the 
variation  of  altitude.  The  effective 
vegetal  period  in  mountains  in  Fing 
^uan  county  starts  in  the  last  ten  days 
of  Kay  and  ends  in  the  second  ten  days 
of  September  whereas  that  in  plain 
starts  in  the  first  ten  days  of  M ay  and 
ends  in  the  last  ten  days  of  September. 
The  coefficient  it  and  Fw  axe  &i.uwn  xii 
table3.  The  revising  coefficient  is 
0.899. 

According  to  the  differentia  principle, 
the  limitations  can  not  be  pointed  out 
directly  through  factor  characteristics. 
The  "quotient  weightness"  is  then  pro- 
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Tnhle3.  Coefficient  pt  and  Pi.-  within  growth  period 


ilTR 

May 

i 

i 

June 

1 

1 

July 

1 

August 

t 

!  September  ! 

:si'r: 

LAS  i 

FIR 

1  SIT ! 

!  LAS  I 

FIR! SEC! 

I. AS ! 

FIR| SEC | 

LAS! FIR! 

SEC! 

!  LAS 

Pt 

: .  u 

.19 

.  55 

.58 

.83 

.08 

.88  .88 

.89 

.88  .83 

.59  .19 

.43 

.40 

Pi.- 

: .  z  a 

.  25 

.30 

.35 

.10 

.50 

.75  .85 

1 

1  1 

1  .65 

.  7  5 

.70 

posed  to  indentify  limitations.  (Diviuing 
the  single  element  evaluating  functions 
by  square  roots  of  their  weight  respec¬ 
tively,  the  minimum  value  of  the  calcu¬ 
lation  is  limitation.) 

L=rain  ( CFi/ffwI ) 

Translating  The  evaluation  model  into 
applied  subprogramme  of  GIS,  transferring 
the  attribute  documents  of  evaluation 
units  to  evaluation  subprogramme,  opera¬ 
ting  and  outputting  various  maps  of  land 
evaluation  and  tables  of  evaluation 
classes  and  limitations,  the  land  evalua¬ 
tion  map  is  shown  with  a  scale  of  1:50000. 

CONCLUSION 

1 .  There  are  many  more  functions  of  the 
Geographical  Information  System,  for 
example,  beside  the  comprehensive  evaluat¬ 
ing  and  mapping,  the  single  factor  evalua¬ 
ting  and  mapping,  multi-factors'  overlay 
will  be  done  if  necessary.  It  shows  a 
wide  perspective  for  deeper  research  of 
land, 

2.  GIS  based  on  microcomputer  is  handy 
and  easy  to  extend  or  rewrite  softwares. 
Because  of  the  limitation  of  microcomputer 
RAM,  it  is  just  suitable  for  applying  to 
the  works  on  small  area  recently. 

5.  The  crucial  factor  of  whether  the 
results  of  land  evaluation  using  micro¬ 
computer  GIS  are  satisfactory  is  the 
success  of  mathematical  model  of  evalua¬ 
tion  and  the  reliability  of  information 
obtained.  It  is  even  more  important  to 
develop  the  data  analysis  package  than 
to  perfect  the  whole  system, 
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ABSTRACT 

Lineaments  are  features  that  represent  faults,  fractures, 
joints,  contacts,  topographic  linear  ridges,  valleys  and  tonal 
contrasts,  and  have  a  degree  of  linearity.  They  are  important  in 
understanding  the  structure  and  tectonics  of  a  region.  They  often 
represent  a  major  structural  discontinuity  that  controls  the 
emplacement  of  igneous  intrusions  and  may  be  related  to  the 
mineralization  or  entrapment  of  oil  and  gas  reservoirs.  Lineaments 
are  of  primary  importance  to  geologists  and  can  be  studied  using 
remotely  sensed  data.  The  interpretation  and  mapping  of 
lineaments  is  often  a  subjective  matter  and  varies  with  individuals' 
ability  and  experience. 

An  automatic  lineament  detection  technique  has  been 
developed  that  is  useful  in  mapping  lineaments  by  image 
processing  Landsat  data.  The  technique  involves  the  enhancement 
of  linear  features  followed  the  delineation  of  these  enhanced 
iineaments  through  pattern  recognition  techniques.  Lineament 
maps  can  be  produced  using  this  technique,  which  eliminates 
subjective  decisions  and  proves  very  effective  in  extracting 
structural  and  tectonic  information. 

Key  words:  Remote  sensing,  automatic  lineament  detection, 
pattern  recognition. 

I.  INTRODUCTION 

A  lineament  is  a  mappable,  simple  or  composite  linear 
feature  of  a  surface  that  is  aligned  in  a  rectilinear  or  slightly 
curvilinear  relationship  (O'Leary,  et  al.,  1976).  Lineaments  are 
either  due  to  physiographic  features  (positive_or  negative)  or  tonal 
changes: physiographic  features  are  linear  ridges,  valleys,  faults, 
fractures,  joints  and  tectonic  trends  in  the  rocks:  and  tonal  features 


mainly  reflect  changes  in  lithology  representing  the  contact  of  two 
formations.  Lineaments  may  illustrate  the  crustal  structure  and  are 
useful  in  the  study  of  the  tectonics  of  a  region.  Explorationists  are 
interested  in  mapping  lineaments,  since  lineaments  may  be  loci  of 
the  deposition  of  economic  mineral  resources.  A  number  of 
metallic  and  nonmetallic  mineral  deposits  have  been  found  along 
lineaments,  where  they  represent  fractures,  faults  or  shear  zones 
and  which  control  the  emplacement  of  metasomatic  deposits. 
Structural  traps  of  the  oil  and  gas  can  also  be  interpreted  from 
discontinuities  of  the  surface. 

Lineament  mapping  has  applications  in  the  fields  of 
structural  geology,  tectonics,  geophysics,  engineering  and 
economic  geology.  Lineaments  have  been  mapped  manually  from 
aerial  photographs  and  satellite  imageries  for  subjective  analysis, 
but  during  the  last  decade,  mapping  has  been  aided  by  the  digital 
processing  ofremotely  sensed  data.  Deconvolution  filtering  of 
satellite  images  in  both  the  spatial  arid  the  frequency  domains  has 
been  done  to  enhance  the  linear  features,  improve  image  quality 
and  help  in  recognition  and  interpretatiori.  However,  lineament 
recognition  is  subjective  and  varies  from  interpreter  to  interpreter. 
Lineament  mapping  depends  on  visual  perception  and  the  ability 
to  recognize  pattems.in  images;  thus,  experience  and  knowledge 
of  the  area  under  study  are  key  factors  in  the  identification  of 
lineaments. 

Studies  on  line  detection,,  line  extraction  and  pattern 
recognition  from  aerial  photographs  have  been  done  in  the  field  of. 
urban  environment.  Pavlidis  (1980)  proposed  a  thinning 
algorithm  for  discrete  binary  images  to  obtain  a  continuous 
skeleton  of  the  features  in  the  image.  Nevada  and  Basu  (1980) 
have  described  the  combination  of  edge  detection  and  line  features 
extraction  to  discern  highways  and  runways.  Gurney.  (1980) 
suggested  mapping  linear  features  from  Landsat  MSS  data  less 
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than  one  pixel  wide  by  a  careful  selection  of  thresholds.  Wang 
and  Newkirk  (1988)  designed  an  expert  system  to  map  highways 
from  Landsat  -Thematic  Mapper  data.  Holyer  and  Peckinpaugh 
(1989)  proposed  a  new  edge  detection  algorithm  based  on  the  gray 
level  co-occurrence  (GLC)  matrix  for  automatic  delineation  of 
mesoscale  structure  in  digital  NOAA  -7  AVHHR  images  of  the 
ocean. 

The  use  of  remote  sensing  for  geologic  studies  presents 
problems  that  complicate  the  lineament  detection  process. 
Lineaments  may  be  seen  as  changes  in  tones  of  gray,  mainly  due 
to  the  ground  cover  that  controls  the  spectral  characteristics  of  the 
lineaments.  Cultural  features  such  as  highways  and  field 
boundaries  also  interfere  with  lineament  recognition.  Shadows 
may  enhance  or  mask  lineaments,  and  lineaments  are  often 
irregular  or  curvilinear.  Thresholding  the  image  at  different  levels 
will  give  different  results  due  to  reduction  of  the  gray  level  range 
that  segregates  information  in  to  selected  levels.  Lineaments  may 
be  enhanced  using  high  frequency  filters;  these,  however, 
sometimes  increase  the  noise  in  the  image,  and  so  a  method  of 
enhancing  the  high  frequencies  selectively  can  be  useful.  A  GLC 
matrix  approach  helps  to  control  the  noise  level  in  the  image  but  is 
sensitive  to  very  small  gradations  in  the  image,  thus  causing  the 
image  quality  to  deteriorate.  Also,  this  method  does  not  give  good 
results  with  Landsat  MSS  data.  Variation  in  the  spectral 
characteristics  of  the  lineaments  restrict  the  use  of  multispectral 
classification  techniques  to  detect  most  features,  although  they  can 
be  applied  to  highway  extraction. 

Photo-interpretation  of  images  for  lineament  analysis  is 
generally  based  on  color,  tone,  texture,  size,  pattern  and  the  nature 
of  the  surroundings,  and  these  characteristics,  along  with 
knowledge  and  experience,  are  part  of  the  procedure  to  recognize 
lineaments  in  images.  Consequently,  an  approach  based  on  a  set 
of  logical  rules  can  be  formulated  to  interpret  the  lineaments 
quantitatively  from  satellite  images. 

A  methodology  for  automatic  line  recognition  that  takes  into 
consideration  the  noise,  threshold,  size  and  orientation  of  the 
lineaments  of  interest  has  been  developed.  Because  lineament 
mapping  is  a  form  of  pattern  recognition,  a  technique  of 
comparing  the  lines  of  known  orientation  and  size  with  the  image 
is  suggested  to  extract  the  linear  features  from  the  remotely  sensed 
data. 

n.  ENHANCEMENT  OF  THE  IMAGE 

The  line  detection  technique  can  be  considered  in  three 
steps.  (1)  the  enhancement  of  the  image,  then  setting  a  threshold 
for  the  image;  (2)  conversion  of  the  image  to  a  binary  image;  and 


(3)  thinning  and  line  linking  to  permit  the  tracing  of  the  linear 
features. 

Lineament  display  is  generally  enhanced  by  the  application 
of  a  high  pass  filter  or  by  an  edge  detector.  The  most  common  of 
the  edge  detectors  used  are  3x3  convolution  kernels,  which  are 
sensitive  to  noise.  Common  operators  are  Sobel,  Laplacian, 
Prewitt  and  Roberts.  After  the  lineaments  have  been  enhanced 
using  high  pass  filters,  a  gray  level  threshold  is  selected  before 
converting  the  image  to  a  binary  image.  Selection  of  a  suitable 
threshold  is  critical.  A  technique  proposed  by  Gurney  (1980)  may 
be  used  to  decide  the  threshold  level.  The  GLC  matrix  technique 
(Holyer  and  Peckinpaugh,  1989)  is  also  effective  for  suppressing 
the  noise  and  thresholding  the  image  to  detect  edges  from  infrared 
ocean  images.  The  third  step  in  the  procedure  has  been  dealt  in 
different  ways  by  many  workers.  The  detection  of  lines  is 
followed  by  thinning  and  line  linking  operations,  which  join  the 
lines  and  shrink  the  thick  lines  to  a  skeletal  structure. 

IB.  DETECTION  OF  THE  LINEAMENTS 

Lineaments  can  be  delineated  from  the  binary  image  by 
thinning  and  line  joining  to  obtain  thin  and  regular  lines.  Such 
processing  extracts  lines  that  may  be  straight  or  curved.  Most  of 
the  curved  lines  may  not  be  due  to  the  geologic  features,  unless  the 
region  is  folded  or  thrust  faulted.  The  size  of  the  lineament  to  be 
detected  in  the  image  will  be  controlled  by  the  resolution  of  the 
image  (about  79  meters  in  case  of  Landsat  -MSS  data)  as  well  as 
by  the  spatial  filter  that  is  used  to  enhance  the  lineaments  in  the 
image.  It  is  not  practical  to  detect  lineaments  smaller  than  2  to  4 
pixels  in  length  because  that  will  result  in  a  large  number  of 
lineaments  that  can  be  neither  analyzed  nor  interpreted.  However, 
regional  information  about  structural  style  can  be  extracted  using 
lineaments  5  pixels  and  more  in  length. 

The  proposed  method  of  lineament  detection,  namely  to 
trace  the  lineaments  from  the  binary  image,  takes  into 
consideration  the  length  of  the  lineament  to  be  detected  and  its 
orientation.  In  this  procedure  the  size  and  orientation  of  the 
lineaments  are  set  up  as  a  matrix  and  moved  to  every  pixel 
location  as  a  convolution  kernel.  The  pattern  in  the  kernel  is 
compared  with  the  binary  image  within  the  window.  When  the 
pattern  matches  the  binary  image,  the  central  pixel  is  assigned  to 
class  1,  showing  the  presence  of  the  lineament,  and  0,  indicating 
its  absence.  The  process  is  repeated  for  each  pixel,  and  lineaments 
in  the  form  of  lines  are  traced  as  an  output  image.  The  decision 
about  the  presence  of  a  lineament  can  be  modified  by  reducing  the 
matching  from  1:1  to  any  desired  minimum,  depending  upon  the 
regularity  of  lines  in  the  binary  image. 
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Figure  I.  A  subset  (24x24km)  of  Landsat  MSS,  band  7  image, 
Salem  area,  Tamilnadu  state,  India. 


An  area  (24  x  24  km)  was  selected  from  a  Landsat-1,  MSS, 
banu-7  image  of  the  south  Indian  craton  (Figure  1).  The  band-7 
image  was  chosen  because  lineaments  arc  more  apparent  than  in 
other  bands  of  MCS.  The  terrain  is  deformed  and  eroded, 
high-grade  metamorpi  ic  Archcan  crust. 

Image  enhancement  is  important  because  it  determines  the 
final  outcome  of  the  linear  feature  extraction.  First  derivative 
filters  were  used  to  enhance  the  edges  in  two  orthogonal  directions 
and  in  two  diagonal  directions.  The  enhanced  images  were 
merged  using  a  linear  combination  technique  to  a  single  band 
image  (Figure  2).  The  histogram  of  the  filtered  image  showed  the 
distribution  of  the  gray  levels  to  be  at  a  few  levels,  and  most  of  the 
edge  information  appeared  to  be  confined  to  five  gray  levels. 

The  enhanced  image  was  classified  into  five  classes  using  a 
statistical  clustering  algorithm  based  on  spectral  distances.  The 
five  classes  in  the  classified  image  were  similar  to  the  five 
thresholds  in  the  filtered  image.  Good  results  were  obtained  by 
selecting  a  match  of  one  to  one.  The  process  was  repeated  for 
other  directions,  and  a  sequence  of  passes  in  the  north,  northeast, 
cast  and  southeast  directions  produced  a  good  lineament  map  of 
the  whole  region.  After  the  image  was  scanned  for  lines  in 
different  orientations,  the  results  were  combined,  producing  a 
lineament  map  of  the  area  under  study. 

Good  results  have  been  obtained  by  starting  with  a  5  to  7 
pixel  lineament  length  to  determine  the  dominant  directions  present 
in  the  image  (Figure  3).  This  information  then  could  be  utilized  to 


detect  larger  lineaments.  In  the  present  image,  lineaments  about  7 
pixels  long  were  detected  first  and  then  the  size  was  extended  up 
to  15  pixels  (1200  meters);  these  were  summed  to  produce  the 
final  lineament  map  (Figure  4). 


Figure  2.  Edge  enhanced  image  of  the  subset  of  figure  1.  The 
lineaments  were  enhanced  in  two  orthogonal  and  two  diagonal 
directions,  using  3x3  edge  detectors. 


Figure  3.  Lineaments  detected  from  the  enhanced  image  of 
figure  2.  Lineaments  7  pixels  in  length  were  mapped  by  four 
passes  in  north,  northeast,  cast  and  southeast  directions. 
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Figure  4.  Lineaments  detected  from  the  enhanced  image  of 
figure  2.  Lineaments  up  to  15  pixels  in  length  were  mapped  in 
four  passes  in  north,  northeast,  east  and  southeast  directions. 


IV.  RESULTS  AND  DISCUSSIONS 

Automatic  detection  of  lineaments  is  effective  for  producing 
a  lineament  map  from  remotely  sensed  data.  This  procedure 
allows  considerable  flexibility  in  tracing  the  direction  and  size  of 
the  lineaments  of  interest;  all  lineaments  detected  were  continuous 
and  regular. 

Enhancing  the  lineaments  and  considering  more  than  one 
threshold  for  lineament  tracing  is  useful  for  extracting  significant 
information.  The  lineaments  may  be  checked  with  topographic 
maps  to  eliminate  the  lines  that  are  from  cultural  features. 

The  plotted  lineaments  can  be  analyzed  for  density 
mapping,  frequency  diagrams  and  domain  outlining.  The 
automatic  analysis  program  may  be  used  with  knowledge-based 
systems,  which  can  directly  interact  with  lineament  maps  and 
produce  a  preliminary  interpretation  of  the  area  of  interest. 
Because  the  lineament  map  for  each  direction  is  obtained 
separately,  the  use  of  a  program  for  counting  the  number  of 
lineaments  in  each  direction  is  useful  for  studying  the  dominant 
directions  and  for  determining  regional  stress.  Lineament  maps 
obtained  from  this  technique  are  already  in  digital  form  and  could 
be  combined  with  other  types  of  geologic  data  for  decision 
making. 
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ABSTRACT 

Fault  and  fracture  plane  orientations  and  locations 
are  vital  for  energy  resource  exploration  and 
assessment,  site  stability  evaluations,  mineral 
exploration,  earthquake  hazard  assessment,  groundwater 
modelling,  and  basic  geologic  mapping.  A  package  of 
geologic  spatial  analysis  (GSA)  computer  programs 
designed  to  determine  crustal  fracture  geometries  is 
being  generated.  Crustal  structures  are  determined 
from  analysis  of  digital  data  bases  developed  from 
topography,  lineaments  from  satellite  imagery  and 
radar  data  bases,  faults  and  joints  observed  in  the 
field,  earthquake  foci,  gravity,  magnetics,  and 
borehole  data.  The  unique  power  of  the  GSA  techniques 
being  developed  are  their  three-dimensionality;  older 
techniques  looked  at  orientations  of  structures  or 
their  surface  traces,  but  rarely  both. 

Keywords:  Fracture,  Lineament,  Seismic  foci,  Spatial 
Analysis,  Digital  Elevation  Model 

GEOLOGIC  SPATIAL. ANALYSIS 

Topographic  alignments  related  to  cru3tal 
fracture  planes  were  observed  and  documented  by  Hobbs 
(1903)  who  coined  the  term  lineament.  Subsequent 
3tudie3  of  lineaments  observed  in  both  topography  and 
imagery  have  proliferated  with  over  2,000  studies 
having  been  published  to  date.  These  qualitative 
lineament  analyses  are  strongly  influenced  by  the 
illumination  direction  which  creates  strong 
orientation  biases  (Wi3e,  1969,  1981;  Sawatzky  and 
Lee,  1974;  Siegal,  1977;  Eliason,  1984)  .  Numerous 
studies  (Podwysocki  and  others,  1975;  Siegal,  1977; 
Werner,  1979;  Bradley,  1983;  Rosenfield,  1986; 

Thiessen  and  others,  1987,  1989A)  have  shown  that  when 
different  operators  interpret  the  same  image, 
significantly  different  lineament  maps  are  produced. 
Distinct  map3  are  also  produced  when  the  3ame 
interpreter  works  with  several  image  types  (Siegal, 
1977;  Bradley,  1983;  Thiessen  and  others,  1987, 

1989A) .  Finally,  previous  lineament  analyses  provide 

input  Data  Sources:  Output  Products: 

-  'P/snA/«ti»nhv 
•  t • 

-  Remote  Sensing 

-  Seismic  Foci 

-  t  eophysical  Data 

-  Underground  Acoustic  Imaging 

-  Fip,.d  Studies 

-  Boichole  Data 

-  Labore  ory  Analyses 


the  2D  surface  trace  of  the  structure,  and  not  its 
full  3D  orientation  in  the  earth. 

These  problems  stimulated  development  of  the 
Geologic  Spatial  Analysis  (GSA)  research  project  in 
order  to  provide  researchers  with  tools  that  are  not 
influenced  by  illumination  effects,  will  yield 
reproducible  re3ult3,  and  provide  true  3D  spatially 
referenced  analyses  of  structures.  The  GSA  project  is 
being  jointly  developed  by  Washington  State 
University,  Geologic  Analysis  Consulting  Services,  and 
Battelle  PNL  under  grants  from  the  U.S.  Department  of 
Energy's  Office  of  Basic  Energy  Sciences.  It  is 
focused  on  conducting  comprehensive  analyses  of 
regions  using  geologic  data  3et3  that  can  be 
referenced  by  latitude,  longitude  and  elevation/ depth 
(Table  1) .  Based  on  these  data,  the  GSA  techniques 
determine  the  location  and  orientation  of  faults  and 
fractures  in  3D  space  in  order  to  develop  a  regional 
geologic  model  for  the  user. 

The  GSA  routines  require  input  of  data  in  3D 
space  which  will  be  vector,  point,  and 
point/orientation  data.  Vector  data  are  defined  as 
end  points  of  a  vector  in  3D  space  (DEM  defined  valley 
bottoms,  lineaments,  mapped  faults,  fractures  observed 
on  acoustic  images,  geophysical  anomalies,  etc.). 

These  end  points  imply  that  the  intervening  data 
points  along  the  vector  are  related,  i.e.  the  linear 
surface  trace  of  a  fault  or  fracture.  Point  data  are 
local  events  or  measurements  that  can  be  located  in  3D 
space,  i.e.  producing  oil  or  gas  wells,  seismic 
hypocenters,  mines,  or  geochemical  anomalies. 
Point/orientation  data  are  measurements  of  the  strike 
and  dip  of  planar  features  at  a  single  location. 

These  might  include  faults  and  fractures  observed  in 
the  field  or  in  a  borehole. 

Vectors  are  analyzed  in  3D  space  with  the 
coplanar  analysis  method.  A  cross  product  algorithm  is 
used  to  determine  which  vectors  are  coplanar  (i.e., 
lie  within  the  same  plane)  and  therefore  are  likely  to 
be  controlled  by  a  fault,  fracture,  or  bedding  plane. 
The  dominant  coplanar  detections  are  selected 

Analysis-leghniquea.i 


-  3-D  Orusra)  Fracture  Models  “  Coplanar 

-  3-D  Active  Seismic  Surface  Models  -  Seismic 

-  Assessment  of  Acoustic  Images  -  Lineament 

-  Stress  Field  Analyses 

-  Comprehensive  3-D  Geologic  Model 

-  Maps/Cros3  Sections 

-  Statistical  Summaries/Analysis 
Trails 


Table  1.  Major  components  of  the  GSA  analysis  system. 
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automatically  or  with  an  interactive  program.  The 
dominant  planar  features  can  then  be  displayed  in 
stereo  with  a  3D  output  analysis  model.  Intersection 
zones  of  the  dominant  fracture  sets  can  be  identified 
in  order  to  assess  their  control  on  petroleum 
production,  mine  locations,  and  geochemical  anomalies. 
These  initial  versions  of  the  COPLANEV  (V  for  vector) 
analysis  programs  were  developed  using  fracture 
controlled  valley  bottoms,  which  were  defined 
automatically  from  digital  elevation  models  (OEMs) . 

Two  separate  approaches  to  the  determination  of 
alignments  of  point  data  are  being  developed  for 
seismic  foci  and  will  be  discussed  later  in  this 
report.  Extensions  of  the  present  COPLANEV  programs  to 
incorporate  point/orientation  data  are  currently  being 
developed.  The  new  programs  would  accept,  a3  input, 
fracture  plane  orientations  measured  in  the  field  as 
well  as  in  the  a  borehole.  The  data  will  be 
incorporated  into  the  analysis  as  a  synthesized  set  of 
vectors  radiating  at  a  120  degree  spacing  from  the 
data  point's  location  and  within  the  measured  plane's 
orientation. 

Five  test  areas  are  initially  being  used  to 
evaluate  and  guide  the  development  of  the  GSA  analysis 
techniques.  These  include  study  areas  in  northeastern 
Washington  state  (Eliason,  1984;  Eliason  and  Eliason, 
1985;  Beaver  and  others,  1989;  Thiessen  and  others, 
1989B)  where  mapped  faults,  seismic  reflection 
profiles,  and  economic  mineralization  have  been 
related  to  fractures  based  upon  DEMs.  In  southern 
Californio,  seismic  foci  and  topographically  defined 
fractures  are  being  compared  to  ones  observed  with  a 
televiewer  (Ader  and  Springer,  1987;  Springer  and 
Ader,  1987)  in  the  Cajon  Pass  DOSECC  borehole.  At  the 
Big  Sandy  Gas  Field  in  southwestern  West  Virginia 
(Foley  and  others,  1988),  enhanced  gas  production  from 
Devonian  shales  has  been  related  to  fracture 
controlled  increases  in  permeabilities.  Lineaments 
and  mapped  faults  have  been  correlated  to  DEM 
fractures  in  the  Paiute  Ridge  quadrangle  at  the  Nevada 
Test  Site  (Thiessen  and  others,  1987) .  In  south- 
central  Washington,  faults  and  lineaments  have  been 
compared  to  DEM  defined  fractures  (Thiessen  and 
others,  1989A)  and  earthquake  foci  (Rieken,  1985) . 


DIGITAL.  ELEVATION-MODELS 

The  initial  coplanar  analysis  concept  was  based 
on  the  geologic  observation  that  planes  of  weakness, 
3uch  as  faults,  fractures,  and  bedding  planes, 
localize  erosion  and  are  often  followed  by  topographic 
lows.  The  technique  involved  searching  for  these  lows 
in  a  digital  elevation  model  (DEM)  (Figure  1A)  and 
then  fitting  vectors  to  all  straight  valley  bottoms. 
The  vectors  are  analyzed  in  3D  space  using  the  cross 
product  algorithm  in  order  to  determine  which  vectors 
are  coplanar  (i.e.,  lie  within  the  same  plane)  and 
therefore  are  likely  to  be  controlled  by  a  fault, 
fracture,  or  bedding  plane.  The  dominant  coplanar 
detections  are  selected  automatically  or  by  using  an 
interactive  program  and  are  then  be  displayed  in 
3tereo  with  a  3D  output  analysis  model  (Figure  IB) . 

Noise  in  DEM3  can  bias  the  detection  of  valley 
bottoms.  At  some  sites,  DEMs  are  not  available.  An 
alternate  program  (DW)  has  been  developed  for 
digitizing  valley  bottoms  directly  from  topographic 
maps  and  inputting  the  resulting  vectors  into  the 
COPLANEV  program  series. 

SEISMICAT.LY  ACTIVE  PLANES 

The  identification  or  sei3mically  active 
fractures  i3  crucial  for  understanding  the  tectonics 
and  seismic  risk  for  a  region.  Examination  of  30i3mic 
alignments  has  been  mainly  2D  with  locations  projected 
to  a  cross  section  or  a  map  where  alignments  are 
visually  or  automatically  picked.  Problems  arise  due 


to  operator  bias  and  choice  of  the  projection  plane. 

We  are  developing  two  separate  3D  approaches  for 
determination  of  alignments  of  seismic  foci.  The 
first  (Eliason  and  others,  1989)  utilizes  the  basic 
coplanar  algorithm,  which  has  been  expanded  to  analyze 
point  data.  Randomly  chosen  earthquakes  are  used  in 
sets  of  four  events.  Each  set  defines  pairs  of 
vectors  which  are  input  into  the  coplanar  analysis 
algorithm.  The  results  can  be  displayed  using  the 
same  programs  developed  for  the  analysis  of  DEM3.  The 
other  approach  (Rieken,  1985)  uses  a  3D  counting  box 
algorithm.  A  series  of  variable  width  boxes  witn  a 
specified  strike  and  dip  are  placed  over  a  subset  of 
the  seismic  foci.  Boxes  which  contain  relatively  high 
concentrations  of  earthquakes  may  represent 
seisraically  active  surfaces.  The  strike  and  dip  of 
the  boxes  are  incremented,  creating  computer  contoured 
tables  which  display  the  frequency  of  events  for  each 
combination  of  strike,  dip,  and  location.  The  surface 
traces  of  the  boxe3  that  contain  a  higher  number  of 
foci  can  be  correlated  to  mapped  structures  (Figure 
2) .  The  earthquakes  which  define  the  maxima  in  the 
frequency  tables  can  be  statistically  examined  to 
determine  planar  or  complex  fault  surfaces  utilizing  a 
multiple  linear  regression  technique.  An  ANOVA  table 
is  calculated  to  determine  what  order  fault  surface 
best  fits  the  seismic  events.  Finally,  a  3D 
stereoscopic  view  of  the  structure  i3  generated. 

LINEAMENTS 

A  comprehensive  lineament  analysis  system  has 
been  written  at  WSU.  The  analysis  package  allows  the 
user  to  produce  various  lineament  map3,  rose  diagrams, 
and  maps  of  rose  diagrams.  The  total  amounts  of 
lineaments  for  each  location  on  the  map  can  be 
contoured,  or  the  amounts  within  an  operator  specified 
orientation  range  can  be  tallied.  One  of  the  unique 
capabilities  of  our  LINEAMENT  system  is  the  ability  to 
compare  multiple  sets  of  lineaments  (Johnson,  1988; 
Thiessen  and  others,  1989A) .  As  previously  3tated, 
different  interpreters  working  with  multiple  image 
types  will  produce  distinct  lineament  maps.  Several 
studies  (Isachsen,  1976;  wise,  1981;  Thiessen  and 
others,  1987)  have  shown  that  only  a  portion  of 
lineaments  in  an  analysis  actually  correlate  to 
mappable  geologic  structures.  Using  our  comparison 
routines,  we  can  automatically  focus  in  on  those 
specific  structures  that  are  observed  the  greatest 
number  of  times  by  different  interpreters  on  different 
images  and  data  types.  These  are  the  features  mo3t 
likely  to  correspond  to  major  structures. 

The  LINEAMENT  program  can  be  used  to  analyze 
mapped  traces  from  any  data  base,  such  as  linear 
magnetic  or  gravity  anomalies,  radar  lineamants,  and 
mapped  faults.  Registration  of  these  to  a  DEM  create 
vectors  in  3D  space  that  can  be  used  as  input  into  the 
COPLANE  analysis  sequence.  With  modifications,  it  will 
be  able  to  examine  structures  found  on  acoustic 
imaging  data  bases  as  well. 


CONCLUSIONS 

The  GSA  tools  provide  geologists  with 
quantitative  3D  structural  analyses  relevant  to 
exploration  and  development  of  fracture-controlled 
petroleum,  groundwater,  mineral,  and  geothermal 
resources.  Seismically  active  GSA  defined  fractures 
are  crucial  for  assessment  of  seismic  hazards  and 
understanding  the  neotectonics  of  a  region. 

One  of  the  major  goals  of  the  GSA  system  is  to 
integrate  into  an  analysis  of  fault  and  fracture 
orientations  all  data  bases  and  data  types  that  may 
contain  indicators  of  these  structures.  In  this 
scheme,  a  single  fault  may  be  simultaneously  defined 
by  alignments  observed  on  acoustic  images,  valleys 
detected  in  a  DEM,  field  mapped  faults,  seismic  foci, 
lineaments  from  remote  sensing  images,  geothermcl 
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Figure  1.  Coplanar  output  analysis  model  for  a  single  1:24,000  scale  quadrangle  in  the  Big  Sandy  Gas  Field  in 
southwestern  West  Virginia.  A)  Topographic  low  points  used  in  valley  vector  analysis.  B)  Three-dimensional  view 
of  the  central  portion  of  the  quadrangle,  showing  selected  fracture  planes  identified  with  COPLANEV.  Note  the 
extremely  irregular  topography.  These  GSA  defined  high  angle  fracture  3ets  are  currently  being  evaluated  by 
DOE'S  Morgantown  Energy  Technology  Center  (METC)  staff  for  correlation  to  variations  of  gas  seepage  from  soils 
and  production  data  from  existing  gas  wells. 


Figure  2.  Preliminary  run  of  SEI3PLN  on  a  seismic  foci  data  set  in  central  Washington.  The  area  is  74  km  on  a 
side.  A)  Earthquake  foci  locations  projected  to  the  earth's  surface,  B)  Previously  mapped  faults  and  folds  in  the 
te3t  area.  C)  Surface  traces  of  seismically  active  planes  detected  with  the  counting  box  routine. 


Figure  3.  Synopsis  diagram  for  the  Hanford,  Washington  lineament  study  area.  See  Thiessen  and  others  (1989B)  for 
more  details.  A)  All  linear  features  seen  on  a  radar  mosaic,  DEM  imago,  and  aeromagr.etic  maps.  The  latter 
includes  previous  interpretations  by  other  groups  as  well  as  WSU  interpreters.  B)  Computer  generated  compilation 
map  of  features  within  five  degrees  and  0.8  km  of  each  other.  To  be  included  on  this  map,  a  single  lineament  had 
to  be  observed  a  multiple  numbet  of  times  on  at  lea3t  two  of  the  original  data  base3  (radar,  DEM,  aeromagnetic) . 

C)  Mapped  faults  and  folds  in  the  study  area. 


springs,  aeromagnetic  and  gravity  map  patterns, 
geochemical  anomalies,  mine  sites,  and  locations  of 
high  oil  and  gas  production. 
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Abstract 

Most  lineament  mapping  is  done  visually  using 
enhanced  images.  To  partially  automate  this 
procedure,  algorithms  have  been  developed  to  imitate 
some  of  the  visual  rules  employed  by  geologists  when 
mapping  lineaments.  In  this  paper,  the  capabilities  of 
Edge  Following  as  Graph  Searching  (EFGS)  and  the 
Hough  Transform  algorithms  for  automated 
lineament  analysis  are  demonstrated.  The  EFGS 
method  can  be  used  to  extract  edge  magnitudes  and 
directions  to  produce  an  edge  image.  The  Hough 
Transform  identifies  straight  lines  which  represent 
edges. 

The  extraction  procedures  are  demonstrated 
using  part  of  a  Landsat  TM  image  of  the  Canadian 
Shield  near  Sudbury,  Ontario.  Results  of  the 
automated  analyses  are  compared  with  the  major 
faults  shown  on  a  geologic  map  of  the  area.  They  i  'mw 
that  automated  interpretation  identifies  more  of  the 
faults  than  visual  interpretation. 


Keywords:  Lineament  detection,  Hough  transform, 
Edge  following  as  graph  searching, 
LINDA  system. 

Introduction 

A  lineament  is  a  linear  topographical  or  tonal 
feature  on  the  terrain  representing  a  zone  of  structural 
weakness  (Williams,  1983).  It  may  be  recognized  on 
and  interpreted  from  images  and  maps.  Identification 
and  mapping  of  lineaments  from  satellite  images  is  an 
important  use  of  remote  sensing  data  in  the 
exploration  for  mineral  deposits,  since  the  lineaments 
may  be  related  to  ore  deposits. 

On  satellite  images,  lineaments  usually  appear  as 
straight  edges,  but  frequently  a  lineament  may  have 
gaps  in  it  due  to  occlusions,  poor  contrast  of  the 
lineament  with  its  surroundings  or  coverage  of  surface 
materials.  In  visual  interpretation  and  mapping  of 
lineaments,  geologists  use  their  knowledge  and 
experience  to  connect  edges  which  are  collinear  and 
broken  into  a  series  of  segments.  It  is  suggested  that 
some  of  the  "rules"  that  are  used  by  geologists  in  their 
image  interpretation  can  be  applied  in  automated 


lineament  extraction  from  digital  imagery.  In  this 
paper,  the  capabilities  of  Edge  Following  as  Graph 
Searching  (EFGS)  and  the  Hough  Transform 
algorithms  for  automated  lineament  analysis  are 
demonstrated. 


Figure  1  Procedures  for  lineament  extraction  and 
analysis 
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Methodology 

The  procedures  involved  in  lineament  extraction 
and  analysis  are  illustrated  in  Figure  1.  This  forms 
part  of  a  Linear-feature  Network  Detection  and 
Analysis  (LINDA)  System  developed  by  Wang  (1988). 
The  major  steps  are  as  follows: 

Preprocessing 

Median  filtering  using  a  filter  size  of  3  x  3  pixels  is 
used  to  smooth  the  image  and  remove  some  of  the 
noise.  If  this  were  not  done,  problems  of  isolating 
individual  lineaments  would  occur  later  in  the 
analysis. 

Edge  Following  as  Graph  Searching  (EFGS) 

In  the  second  stage,  three  major  steps  are 
involved.  First,  an  "edge  operator"  is  used  to  obtain  the 
magnitude  and  direction  of  the  edgedness.  This  is 
based  upon  determining  the  locations  where 
maximum  changes  in  digital  values  occur  and  what 
the  directions  of  these  changes  are.  The  procedure  can 
be  applied  to  detect  edges  as  well  as  light  lines  or  dark 
lines,  depending  upon  the  appearance  of  the 
lineaments  in  the  image.  Second,  the  starting  points 
for  the  edges  are  identified.  The  starting  edge  point 
selection  algorithm  identifies  the  most  prominent 
edges  and  it  is  found  that  a  large  number  of  these 
correspond  to  parts  of  lineaments.  Finally,  edge 
following  as  graph  searching  is  used  to  trace  all  the 
edges  on  the  image.  A  graph  can  be  formed  from  each 
starting  edge  point.  Each  arc  in  the  searching  graph  is 
associated  with  a  cost.  The  cost  is  a  function  of  edge 
magnitude  and  direction,  as  well  as  the  tracing 
direction.  Following  is  the  edge  following  algorithm 
(Wang  and  Howarth,  1987): 

[1]  Accept  all  starting  points  as  edge  elements. 

[2]  If  there  are  no  more  starting  points,  stop. 
Otherwise,  assign  the  next  starting  point  as 
current  node. 

[3]  If  there  is  no  neighbour  in  front  of  the  tracing 
direction  of  the  current  node,  goto  Step  [2], 

[4]  Compute  the  cost  for  the  arc  connecting  the 
current  node  to  each  of  its  neighbours  in  the 
tracing  direction.  Accept  the  minimum  cost 
neighbour  as  an  edge  element.  If  no  neighbour  is 
accepted,  go  to  Step  [2].  Otherwise,  assign  this 
neighbour  as  the  next  current  node  and  the 
direction  of  the  arc  from  the  previous  current  node 
to  this  node  as  its  tracing  direction.  Go  to  Step  [4]. 

Hough  Transform 

Hough  (1962)  proposed  an  interesting  and 
computationally-efficient  procedure  for  detecting  lines 
in  images.  It  is  known  as  the  Hough  Transform. 
Rosenfeld  (1982)  described  a  method  for  replacing  the 
original  problem  of  finding  collinear  points  by  a 
mathematically-equivalent  problem  of  finding 
concurrent  lines.  This  method  involves  transforming 
each  of  the  figure  points  into  a  straight  line  in 
parameter  space.  Hough  chose  to  use  the  familiar 
slope-intercept  parameters,  and  thus  his  parameter 
space  was  the  two-dimensional  slope-intercept  plane. 


However,  both  the  slope  and  the  intercept  are 
unbounded,  which  complicates  the  application  of  the 
technique.  Duda  and  Hart  (1972)  pointed  out  that  use  of 
the  angle-radius  rather  than  the  slope-intercept 
parameters  simplifies  the  computation  further. 

In  this  study,  the  method  described  by  Duda  and 
Hart  (1972)  was  used  and  modified  for  geologic  use. 
The  procedure  involves  use  of  the  Hough  Transform, 
the  finding  of  local  maxima,  application  of  an  inverse 
Hough  Transform  and  straight  line  profile  analysis. 
Two  parameters  are  controlled  by  the  analyst.  First,  a 
threshold  must  be  set  for  local  maxima  selection.  This 
value  controls  the  minimum  length  of  the  lines  to  be 
detected.  In  this  way,  short  lines  and  noise  in  the 
image  can  be  eliminated.  Second,  the  analyst  can 
decide  on  the  size  of  gap  that  will  be  closed  up  if  two 

line  segments  are  identified  which  lie  on  the  same 
line.  The  values  for  these  parameters  will  vary 
depending  upon  the  type  of  image  being  analysed  and 
the  characteristics  of  the  study  area. 

Mapping  and  Analysis 

Lineament  maps  are  finally  produced.  Geometric 
characteristics  of  these  maps  can  be  analysed  and 
measurements  of  line  lengths,  line  densities,  etc.  can 
be  made,  as  well  as  rose  diagram  plots  to  show 
preferred  orientations  of  lineaments  in  specific  areas. 

Application 


Study  Area  and  Data 

To  demonstrate  the  capabilities  of  the  algorithms 
for  lineament  detection  and  analysis,  a  study  area  of 
part  of  the  Canadian  Shield  near  Sudbury,  Ontario  has 
been  selected.  In  Figure  2,  a  subscene  of  a  Landsat  5 
Thematic  Mapper  (TM)  Band  4  image  recorded  on 
June  4,  1985  is  displayed.  This  shows  part  of  the 
exposed  Grenville  Province.  The  dominant  rocks  in 
this  area  are  middle  Precambrian  metasediments  and 
an  anorthosite  suite  of  intrusive  rocks  (Ontario 
Geological  Survey  Map  2361).  Structural  control  is 
suggested  by  the  preponderance  of  elongate  lakes 
confined  to  a  few  orientations.  Northeasterly-trending 
structures  dominate  in  the  subarea  and  it  was 
observed  that  the  TM  Band  4  image  (near  infrared) 
displays  the  lineaments  most  clearly. 

Analysis 


After  median  filtering  of  the  image,  EGFS  was 
applied  to  trace  all  the  edges  on  the  image.  A  large 
number  of  the  starting  points  correspond  to  parts  of 
lineaments.  A  few  lie  on  the  hydroline  corridor  in  the 
northeastern  part  of  the  image,  but  almost  no  starting 
points  are  found  on  the  major  highways  and  railroads, 
i j i i d  is  uccause  roads  and  railroads  are  net  very 
prominent  features  on  the  TM  Band  4  image  when 
compared  with  the  high  contrast  that  occurs  at 
water/land  boundaries. 

The  edge  image  is  shown  in  Figure  3.  Comparing 
this  image  with  the  original  image  shown  in  Figure  2, 
it  can  be  seen  that  the  edge  image  contains  all  the 
edges  at  water/land  boundaries.  One  edge,  however,  is 


Figure  2  A  subscene  of  a  Landsat  5  TM-Band  4 
image  (512  by  512  pixels)  recorded  on 
June  4,  1985,  near  Sudbury,  Ontario. 
The  area  shown  is  approximately  15  Km 
by  15  Km. 


.  i  the  hydroline  corridor  in  the  northeast  of  the 
a>  ''er  abrupt  changes  of  soil,  vegetation  or  rock 
typ  ■  :h  could  represent  lineaments,  have  also  been 
detect.  -  in  the  edge  image. 

In  Figure  4,  an  example  of  one  of  the  lineament 
maps  is  shown.  In  this  case,  a  threshold  for  local 
maxima  of  75  and  a  gap  of  50  were  chosen  for  the 
calculations. 

Results  and  Discussion 

The  lineament  analysis  procedures  described 
above  were  applied  using  four  different  combinations 
for  the  threshold  for  local  maxima  selection  and  for 
determining  the  maximum  length  over  which  a  gap 
could  be  closed  up  (HT-1,  HT-2,  HT-3  and  HT-4  as 
shown  in  Table  1). 

It  is  obviously  impossible  to  field  check  the  validity 
of  all  the  lineaments  shown  on  the  resultant  plots. 
However,  to  determine  the  capabilities  of  the 
algorithms  to  detect  major  faults,  it  is  possible  to 
compare  the  lineament  plots  with  the  faults  shown  on 
the  geologic  map  of  the  area.  The  most  detailed  map 
available,  however,  is  at  a  scale  of  1:253,440.  In 
addition,  a  lineament  map  produced  from  visual 
interpretation  of  a  colour  transparency  by  two 
geologists  was  also  included  in  the  comparison. 

A  quantitative  comparison  was  done  using  the 
effectiveness  index  E: 

Ltm 

E  =  tJ2Lx100% 
lm*p 


Figure  3  Edge  image  after  Edge  Following  as 
Graph  Searching  has  been  applied  to  the 
image  shown  in  Figure  2. 


suggested  by  Strong  (1986)  where  Lj.m  represents  the 
total  length  of  lineaments  (cm)  common  to  the 
lineament  map  and  the  geologic  map,  and  Lj^p 
represents  the  total  length  of  faults  (cm)  on  the  geologic 
map. 


Table  1  Effectiveness  of  the  Lineament  Maps 
Compared  with  the  Geologic  Map 


Imagery 

Gap 

Allowed 

Thresh.  Lengthfcm) 

local  max.  on  TM  on  map 

E(%) 

Geologic  map 

1009 

1009 

100.00 

Visual  interp. 

506 

1009 

50.15 

EFGS 

548 

1009 

54.31 

HT-1 

40 

80 

542 

1009 

53.72 

HT-2 

40 

75 

660 

1009 

65.41 

HT-3 

40 

70 

695 

1009 

68.88 

HT-4 

50 

75 

696 

1009 

69.18 

The  results  are  shown  in  Table  1.  As  can  be  seen, 
visual  interpretation  identified  approximately  50%  of 
the  faults  shown  on  the  geologic  map.  The  EFGS 
resulted  in  an  effectiveness  index  of  just  over  54%.  Best 
results  were  obtained  with  the  automated  lineament 
maps  where  effectiveness  indices  ranged  from  53.72% 
to  69.18%  depending  on  the  threshold  values  used.  It 
should  be  pointed  out,  however,  that  the  lineament 
maps  also  indicate  many  lineaments  which  are  not 
depicted  on  the  geologic  map. 
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Figure  4  An  example  of  a  lineament  map  after 
applying  Hough  Transform  to  the  image 
shown  in  Figure  3.  A  threshold  for  local 
maxima  of  71>  and  a  gap  of  50  were 
chosen. 


N 


Figure  5  A  rose  diagram  for  the  subarea,  showing 
major  trends  for  geological  lineaments. 


In  terms  of  orientation,  Figure  5  shows  a  rose 
diagram  for  the  subarea.  The  major  orientation  from 
the  automated  analysis  is  shown  to  be  east-west,  and 
several  faults  are  shown  on  the  geologic  map  with  this 
orientation.  Other  orientations  are  northwest  - 
southeast,  north-south  and  northeast-southwest.  In 
all  cases  there  is  good  correlation  between  the 
lineament  maps  and  the  geologic  map. 

Conclusions 

In  this  paper,  it  has  been  demonstrated  that  it  is 
possible  to  develop  algorithms  to  extract  lineament 
information  from  Landsat  TM  imagery  of  part  of  the 
Canadian  Shield.  In  a  comparison  with  the  geologic 
map  of  the  area,  preliminary  results  show  that 
automated  lineament  identification  is  able  to  detect 
more  of  the  faults  shown  on  the  geologic  map  than 
geologists  using  visual  interpretation. 

Acknowledgements 

Financial  support  was  provided  by  NSERC 
Operating  Grant  A0766  awarded  to  Dr.  Howarth.  Dr. 
Wang's  studies  were  supported  by  IDRC,  Ottawa. 

References 

1.  Duda,  R.O.  and  P.E.  Hart,  "Use  of  the  Hough 
Transform  to  detect  lines  and  curves  in  pictures." 
Communications  ACM,  Vol.  16,  pp.  11-15, 1972. 

2.  Hough,  P.V.C.,  "Methods  and  Means  for 
Recognizing  Complex  Patterns",  U.S.  Patent 
3,069,654,1962. 

3.  Rosenfeld,  A.  and  Kak,  A.C.,  "Digital  Picture 
Processing",  (Second  Ed.),  Academic  Press  Inc., 
New  York,  1982. 

4.  Strong,  W.L.,  "Remote  sensing  of  seismic  lines  and 
other  disturbance  features  associated  with  oil  and 
gas  development:  A  comparison  of  Landsat 
Thematic  Mapper  and  multispectral  scanner 
imagery",  Report  to  the  Alberta  Remote  Sensing 
Centre,  1986. 

5.  Wang,  J.F.,  "A  New  Automated  Linear-feature 
Network  Detection  and  Analysis  (LINDA)  System 

and  its  Applications",  Unpublished  Ph.D.  Thesis, 
University  of  Waterloo,  p. ,  1988. 

6.  Wang,  J.F.  and  Howarth,  P.J.,  "Methodology  for 
automated  road  network  extraction  from  Landsat 
TM  data",  ASPRS/ACSM  Ann.  Convention  Tech. 
Papers  1,  pp.  429-438, 1987. 

7.  Williams,  R.S.,  Jr.,  "Chapter  31  Geological 
Applications"  in  R.N.  Colwell,  Ed.  Manual  of 
Remote  Sensing,  2nd  Edition,  Amer.  Soc.  for 
Photogrammetry.  and  Remote  Sensing,  1983. 


97 


GEOMORPHIC  PATTERNS  PRODUCED  BY  THE  LAST  CANADIAN  ICE  SHEET:  MATCHING  THE 
SCALES  OF  REMOTE  SENSING  WITH  THE  FREQUENCY  OF  NATURAL  VARIATION. 


C.D.CLARK  &  G.S. BOULTON 

Grant  Institute  of  Geology, 
Edinburgh  University, 

West  Mains  Road, 

Edinburgh,  U.K. 


ABSTRACT 


Utilisation  of  six  scales  of  remote  sensing  in  the  mapping 
of  ice  flow  landforms  in  the  area  covered  by  the  last 
Canadian  Ice  Sheet  has  produced  new  insights  into  its 
dynamics.  The  spatial  frequency  range  of  natural 
variation  within  streamlined  glacial  landforms  is 
illustrated  as  a  schematic  distribution  curve.  Each 
remote  sensing  scale  filters  these  frequencies  into 
discrete  ranges,  determined  by  resolution  and  image  size. 
The  relationship  between  these  six  overlapping  frequency 
ranges  and  the  frequency  distribution  curve  for  ice  flow 
landforms  is  illustrated  in  an  adapted  Venn  diagram.  This 
allows  visualisation  of  the  proportion  of  the  natural 
variation  that  is  sampled  by  each  remote  sensing  scale. 

It  is  shown  that  incomplete  sampling  of  the  frequencies 
of  natural  variation  can  lead  to  misleading  inter¬ 
pretations,  and  therefore  as  many  scales  as  possible  should 
be  examined.  This  clearly  has  implications  for  remote 
sensing  investigations  of  many  other  natural  phenomena. 

KEY  WORDS:  Spatial  frequency  distribution,  glacially 
streamlined  landforms,  Venn  diagram,  LANDSAT,  AVHRR, 
air  photographs. 


1.  INTRODUCTION 


extent  (Prest  vtal,  1968).  Twomain  radial  flow oatterns 
were  taken  to  indicate  a  stable  configuration  of  ice 
domes. 

Our  examination  of  LANDSAT  images  shows  that  there  are 
streamlined  glacial  landforms  on  a  scale  larger  than  can 
be  readily  observed  on  conventional  air  photographs.  This 
mega-scale  glacial  li  neat  ion  pattern  frequently  occurs  in 
cross  cutting  relationships  with  other  lineations.  If 
these  lineations  are  invariably  parallel  to  flow,  as  we 
believe  them  to  be,  they  are  evidence  of  different 
directions  of  flow  at  different  times  and  must  imply 
changes  in  the  location  of  ice  domes  and  a  change  in 
their  relative  strengths.  Mapping  the  area  covered  by  the 
Laurentide  Ice  Sheet  from  LANDSAT  images  coupled  with 
careful  examination  of  the  cross  cutting  relationships 
reveals  evidence  of  discrete  flows  and  their  relative 
ages.  It  has  been  discovered  from  this  data  that  the  ice 
dome  to  the  west  of  Hudson  Say  (Keewatin  Dome)  underwent 
considerable  migration  (>500  Km)  and  that  there  was 
movement  of  the  dome  to  the  east  of  Hudson  Bay  (Labrador 
Dome)  during  the  course  of  the  last  glacial  period 
(Boulton  and  Clark,  in  press). 

We  attribute  this  contrast  in  interpretation  (stationary 
domes  versus  migrating  domes),  to  the  way  in  which 
different  scales  of  remotely  sensed  data  sample  the 
frequency  of  natural  variation  of  glaciogenic  landforms 
in  specific  ranges. 


Utilisation  of  the  full  range  of  remote  sensing  scales 
for  the  mapping  of  ice  flow  landforms  in  the  area  covered 
by  the  last  Canadian  (Laurentide)  Ice  Sheet  has  produced 
new  insights  into  the  dynamics  of  the  Ice  Sheet. 

This  illustrates  the  importance  of  using  techniques  which 
explore  as  fully  as  possible  the  complete  spatial 
frequency  range  of  natural  variation. 


2.  GEOMORPHIC  PATTERNS  AND  ICE  SHEET  DYNAMICS 


An  Ice  Sheet  flowing  across  a  sediment  bed  produces 
streamlined  landforms  parallel  to  the  flow  direction  on  a 
number  of  scales  (drumlins,  flutes,  megaflutes  etc.). 
Such  landforms  were  mapped  from  air  photographs  and 
asserted  to  be  of  the  Laurentide  Ice  Sheet  at  its  maximum 


3.  THE  FREQUENCY  OF  NATURAL  VARIATION  IN 
GLACIOGENIC  LANDFORMS 


Streamlined  landforms  produced  by  glaciers  show  a  wide 
range  of  spatial  frequencies.  Flutes  have  typical 
spacings  of  1-10m,with  length  of  102-103m;  drumlins  and 
megaflutes  have  spacings  from  10-103m,  and  lengths 
between  102-103m  (drumlins)  and  102-1(nm  (megaflutes); 


,  ,U  I  1  m*.  4.U.  ...I  .  _  1  •  »  Z  .1  l  m  »»»»( r*C 
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103-104m  and  lengths  of  104-105m.  We  do  not  believe  that 
these  groups  represent  arbitrary  subdivisions  of  a 
"white"  spectrum  of  landforms  across  the  whole  frequency 
range,  but  rather  natural  frequencies  at  which  spectral 
power  is  concentrated.  This  implies  that  these  landform 
assemblages  are  natural  generic  groupings  which  reflect 
specific  modes  of  operation  of  subglacial  processes.  As 
in  many  other  natural  systems  the  scales  of  operation  of 
a  process  are  determined  by  natural  scales  within  the 
environment.  Most  flutes,  for  example,  are  formed  by 
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sediment  flow  into  incipient  grooves  in  the  lee  of  lodged 
boulders,  and  thus  flute  frequency  will  be  determined  by 
boulder  frequency.  Similarly  most  theories  of  drumlin 
formation  suggest  a  limiting  size  for  drumlins  (Menzies 
and  Rose,  1987).  Thus  we  expect  a  number  of  interacting 
scale-dependent  processes  or  single  processes  controlled 
by  scale-dependent  boundary  conditions  to  form  a  multi¬ 
modal  spatial  frequency  distribution.  Figure  1.  is  a 
schematic  diagram  showing  the  principal  spatial 
frequencies  which  we  believe  to  be  characteristic  of 
glacially  lineated  sediment  masses.  The  fact  that  names 
exist  to  describe  different  scales  of  landform  (flutes, 
megaflutes,  drumlins  etc.)  intuitively  leads  to  the 
same  conclusion.  Quantitative  research  from  the  realm 
of  desert  geomorphology  provides  an  analogy  (see  Figure 
2).  Wilson  (1972)  measured  wavelengths  of  aeolian 
bedforms  from  the  world's  major  deserts  and  found  that 
they  formed  a  multi-modal  distribution  curve  with  each 
peak  corresponding  to  a  particular  bedform  type  and 
associated  process. 


The  derivation  of  precise  spatial  frequency  distribution 
curves  for  ice  flow  landforms  is  a  non-trivial  task 
involving  analysis  of  aH_  scales  of  pattern  for  all 
orientations  over  extensive  areas.  Current  attempts  toUo 
this  at  Edinburgh  University  involve  computation  of 
Fourier  transforms  by  2  dimensional  spectral  analysis  of 
digital  images,  and  also  by  optical  image  processing 
using  binary  amplitude  filtering  (Renshawand  Ford  1983, 


Renshaw  and  Mugglestone  1987,  Boulton  U  at  in 
preparation).  The  potency  of  these  techniques  is  the 
speed  of  operation,  which  is  instantaneous  in  the  case  of 
the  optical  method.  Furthermore,  polar  representation 
allows  the  directional  component  and  scale  of  pattern  to 
be  analysed  separately  and  with  no  a  puioni.  input. 


4.  REMOTE  SENSING  SCALES 


Each  type  of  remotely  sensed  image  filters  the  natural 
spatial  frequencies  into  discrete  frequency  ranges  which 
have  high  frequency  boundaries  determined  by  resolution 
and  low  frequency  boundaries  controlled  by  the 
instantaneous  working  area(IWA).  An  air  photograph,  for 
example,  at  a  scale  of  1:50,000  has  a  potential 
resolution  of  1.5m  and  an  IWA  of  13  by  13Km,  while  a 
LANDSATMSS  image  has  a  resolution  of  80m  and  IWA  of  185 
by  185Km.  Detectable  frequencies  clearly  need  to  be  of 
wavelengths  which  are  significantly  smaller  than  the  IWA. 
Comparison  of  Figures  3.  and  4.  illustrates  that  each 
remote  sensing  scale  samples  only  one  of  the  three 
natural  frequency  ranges  typical  of  glacially-streamlined 
landforms.  If  the  air  photo  (Figure  3.)  is  used  to  map 
ice  flow  direction  the  dominant  drumlin  pattern  will  be 
discerned  giving  a  flow  orientation  of  255  degrees  but 
the  low  frequency  orientation  will  be  missed.  TheLANDSAT 
scene  (Figure  4.)  shows  a  very  clear  orientation  at  225 
degrees,  but  the  higher  spatial  frequency  orientation  at 
255degrees  isvirtually  filteredout.  The  limited  IWA  of 
the  air  photograph  causes  lower  frequencies  to  be  missed, 
and  the  resolution  of  the  LANDSAT  image  filters  out  the 
higher  frequencies.  Comparison  of  both  scales  allows 
orientations  at  both  spatial  frequencies  to  be  discerned. 
Once  low  frequency  forms  are  detected  on  LANDSAT  for 
example,  they  can  often  be  traced  across  air  photographs 
where  they  previously  went  undetected. 

Thus  mapping  at  one  scale  enables  only  part  of  the 
natural  data  set,  which  reflects  former  ice  flow,  to  be 
captured.  Because  of  this  our  analysis  of  drift 
lineations  in  Canada  utilised  six  different  scales:  air 
photographs,  air  photo  mosaics,  LANDSAT  TM  and  MSS,  MSS 
mosaics  and  AVHRR  imagery.  In  Figure  5.  we  relate  the 
overlapping  spatial  frequency  ranges  of  these  data  sets 
to  the  ice  flow  data  they  attempt  to  capture  by  means 
of  an  adapted  Venn  diagram.  The  box  represents  a 
theoretically  complete  data  set  of  ice  flow  landforms  and 
the  circles  correspond  to  the  remote  sensing  scales  that 
were  used,  with  the  area  of  each  circle  representing  a 
subjective  estimate  of  the  proportion  of  data  that  can 
potentially  be  captured  at  that  scale.  The  Venn  diagram 
illustrates  the  interplay  between  resolution  and  IWA  in 
influencing  the  detection  of  natural  frequencies  as  the 
scale  of  sampling  increases.  Air  photographs  capture  only 
a  fraction  of  the  available  information  of  palaeo-ice 
flow,  and  so  this  fraction  is  represented  by  a  circle  of 
small  area  in  the  Venn  diagram.  For  air  photo  mosaics, 
the  IWA  is  considerably  increased  thus  allowing  lower 
frequency  landforms  to  be  detected  (this  increese  indete 
capture  is  represented  by  the  area  shaded  1),  but  high 
frequency  flute  patterns  will  be  lost  because  of  the 
coarsening  of  resolution  from  1.5  to  15m  (area  2  shows 
this  loss  of  data).  The  region  of  overlap  between  the 
circles  is  the  proportion  of  data  that  is  discernible  at 
both  scales.  The  LANDSAT  MSS  ami  TM  circles  are 
positioned  concentrically  as  they  have  the  same  IWA,  but 
the  resolving  power  of  MSS  is  considerably  less.  Mosaics 
of  LANDSAT  MSS  cover  a  500  by  500Km  area  which  allows 
very  large  features  to  be  easily  identified.  AVHRR 


99 


Figure  4. 

imagery,  of  larger  IWA  and  decreased  resolution  is  able 
to  pick  out  only  the  lowest  frequencies  and  is 
particularly  valuable  in  large  scale  regional 
interpretations  and  for  detecting  very  low  frequency 
patterns  (eg.  Cracknell  vt  al  1987).  However  a  great  deal 
of  AVHRR  derived  information  is  duplicated  by  LANDSAT 
mosaics,  illustrated  in  the  Venn  diagram  by  a  large 
degree  of  overlap  and  small  area  representing  acquisition 
of  new  data.  The  remainder  of  the  area  outwith  the 
circles  and  inside  the  box  indicates  the  existance  of 
still  uncaptured  information.  The  AVHRR  scale  of  1000's 
of  Kms  is  at  the  same  order  of  magnitude  as  the  Ice  Sheet 
and  thus  excludes  the  possibility  of  missing  any 
extremely  low  frequency  ice  flow  patterns.  The  missing 
information  is  at  the  field  working  scale  of  cm's  and 
metres.  Ice  flow  indicators  at  this  scale  tend  to  be 


isolated  and  unlike  lineations  seen  at  LANDSAT  scale,  do 
not  spread  contiguously  over  large  distances.  Small  scale 
lineations  are  thus  difficult  to  group  into  discrete 
flows  and  hence  infer  the  gross  ice  sheet  flow  patterns. 


A  further  complication  to  the  sampling  strategy  arises 
from  the  use  of  the  human  eye  for  interpreting  spatial 
frequencies.  The  eye  introduces  a  bias  by  preferentially 
enhancing  some  frequencies  at  the  expense  of  others 
( Drury  1987).  Look  i  ng  at  the  same  terra  i  n  us  l  ng  d  i  f  f erent 
scales  this  bias  is  considerably  lessened,  further 
emphasising  the  importance  of  utilising  as  many  scales  as 
possible. 


5.  CONCLUSION 


The  direct  matching  of  remote  sensing  scales  to  the 
schematic  natural  frequency  curve  is  illustrated  in 
Figure  6.  We  believe  that  by  using  these  six  scales  of 
remote  sensing  we  have  covered  the  entire  range  of 
natural  variation  of  glacially  streamlined  landforms  with 


Figure  6. 
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the  exception  of  very  small  ice  flow  indicators  (cm's  to 
m's  in  size),  which  are  too  small  to  provide  reliable 
ice  sheet-wide  flow  patterns.  Thus  instead  of  capturing 
information  within  only  2  peaks  of  a  tri-modal  natural 
frequency  distribution,  the  whole  range  of  reliable 
palaeo-ice  flow  indicators  has  been  sampled  (ie.  a  larger 
subset  of  the  Venn  diagram)  and  as  a  result  it  has  been 
discovered  that  the  major  ice  domes  of  the  Laurentide  Ice 
Sheet  underwent  considerable  migration. 

It  has  been  shown  that  incomplete  use  of  the  frequencies 
of  natural  variation  can  lead  to  misleading 
interpretations  (ie.  a  stable  position  of  domes),  and 
therefore  as  many  scales  as  possible  should  be  examined. 
This  clearly  has  implications  for  the  remote  sensing  of 
many  other  natural  phenomena. 
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RESUME 

De  nombreuses  dtudes  ont  ddmontrd  que  les  zones  d'anomalies 
gdomdtriques  des  lindaments,  identifides  sur  les  images  acquises 
par  tdldddtection  satellitaire,  peuvent  etre  relides  k  des  secteurs 
prdsentant  un  fort  potentiel  de  mindralisation.  La  prdsente  dtude 
propose  dans  un  premier  temps,  une  tndthode  d'extraction 
automatique  des  lindaments  au  moyen  de  filtrages  directionnels  et 
de  transformations  morphologiques.  Les  traitements  sont 
effectuds  sur  l'image  SEASAT  des  monts  Stokes,  situds  au  nord- 
est  de  Sherbrooke,  Qudbec.  Le  rdsultat  obtenu  est  une  image 
binaire  correspondant  it  la  carte  des  lindaments  de  cette  rdgion. 
Dans  un  deuxidme  temps,  on  effectue  Tanalyse  des 
caractdristiques  des  lindaments  it  partir  d'une  carte  de  lindaments 
numdrisde.  Cette  dtude  vise  cssentiellement  a  fournir  aux 
gdologues  une  mdthode  d'idcntification  et  d'analyse  des 
lindaments  dont  les  rdsultats  sont  normalisds.  Ceci  afin  de 
permettre,  d'effectuer  sur  une  meme  base,  la  comparaison  des 
potenticls  de  mindralisations  de  diffdrentes  zones. 

ABSTRACT 

Many  studies  have  demonstrated  that  areas  of  anomalous 
lineament  geometry  appearing  on  satellite  images,  can  be  linked  to 
sectors  of  potential  mineralization.  The  first  part  of  this  study 
presents  an  automatic  process  to  extract  linear  features  from  a 
SEASAT  SAR  image  of  the  Stokes  mountains,  north-east  of 
Sherbrooke,  Qudbec.  The  process  use  directional  filtering 
techniques  and  moiphological  transformations.  The  result  of  this 
method  is  a  binary  image  corresponding  to  the  lineament  map  of 
the  area.  The  second  part  of  the  study  consist  in  an  automatic 
analysis  of  the  caracteristics  of  the  linear  features  appearing  on  a 
numerised  lineament  map.  The  goal  of  our  work  is  to  provide  a 
quick  method  that  gives  normalised  results,  to  extract  geological 
linear  features  and  to  analize  their  caracteristics.  These  results 
would  be  helpful  to  compare  different  areas  on  the  same  base. 

1.0  INTRODUCTION 

Plusieurs  dtudes  ont  ddmontrd  que  les  zones  d'anomalies 
gdomdtriques  des  lindaments,  identifides  sur  les  images  acquises 
par  tdldddtection  satellitaire,  peuvent  etre  relides  it  des  secteurs 
possddant  un  fort  potentiei  de  mineralisation.  Les  methodcs 
classiques  d'identification  des  lindaments  sur  images  satellites  et 
d’analyse  de  leurs  caractdristiques  (longueur  en  fonction  de 
1'orientation,  densitd  et  entrecroiscment)  se  rdsument 
gdndralement  h  une  interprdtation  visuelle  des  donndcs.  Les 
rdsultats  dtant  ddpendant  de  l'analyste,  il  est  difficile  de  comparer 
les  caractdristiques  des  lindaments  d'un  secteur  k  ceiles  d'un 
autre.  Afin  de  normaliser  ces  rdsultats,  notre  dtude  propose  une 
mdthode  d'extraction  des  lindaments  assistde  par  ordinateur  et  une 
mdthode  d'analyse  automatique  de  leurs  caractdristiques 
gdomdtriques. 


2.0  EXTRACTION  DES  LINEAMENTS  D'UNE 
IMAGE  SATELLITE 

L'objectif  de  cette  premifere  dtape  est  d'dlaborer  une  mdthode 
d'extraction  des  lindaments  assistde  par  ordinateur.  Cette 
mdthode  doit  etre  en  mesure  de  traiter  les  images  de  fa?on 
uniforme  afin  de  produire  des  rdsultats  normalisds  permettant  de 
comparer  diffdrentes  rdgions  sur  la  meme  base.  Les  rdsultats 
escomptds  consistent  en  une  production  rapide  d'une  image 
binaire  (deux  niveaux  de  gris)  correspondant  it  la  carte  des 
lindaments  de  la  rdgion  dtudide. 

2..L.S&LECHQM  ET  DESCRIPTION  DU  SITE 

Le  secteur  d'dtude  (20  km  x  20  km)  est  compris  dans  la  bande 
volcano-sddimentaire  des  monts  Stokes,  Qudbec.  Ce  site  fut 
choisi  parce  que  sa  gdologie  est  bien  connue,  qu'il  suscite  un  vif 
intdret  de  la  part  des  compagnies  minidres,  que  les  donndes 
satellitaires  le  concemant  sont  abondantes  et  qu'il  a  ddjd  fait 
l'objet  de  quelques  dtudes  concemant  l'identification  des 
lindaments  sur  images  satellites  (Pouliot,  1987;  Deslandes, 
1988).  Ce  qui  offre  la  possibility  de  comparer  les  rdsultats. 

2 1  PONN&ES 

L'image  sur  laquelle  furent  effectuds  les  traitements  est  une  image 
ROS  acquise  parlc  satellite  SEASAT- 1  le  17  septembre  1978.  Le 
systdme  imageur  du  satellite  opdrait  en  bande  L  (A.  =  23.5  cm), 
polarisation  HH,  quatre  "look",  pixels  de  25  m  par  25m.  Le 
capteur  dtait  orientd  vers  Test.  L'angle  d’incidence  variait  de  20° 
k  26°  ddterminant  ainsi  au  sol  un  couloir  de  balayage  d'une 
largeur  de  100  km.  L'imagerie  radar  en  bande-L  a  dtd  retenue 
pour  ses  aptitudes  &  pdndtrer  le  couvert  vdgdtal  et  it  rehausser  les 
dldments  du  relief. 

2.3  PRSTRAITEMENTS 

Dans  le  but  de  comparer  les  rdsultats  que  Ton  obtiendra  aux  cartes 
de  lindaments  provenant  des  interprdtations  visuelles  des  images 
SEASAT  et  SPOT  du  meme  secteur,  nous  avons  effectud  les 
traitements  suivants  (utilisds  par  Deslandes  (1988)):  correction  de 
l’image  par  rapport  k  la  carte  topographique  de  Sherbrooke 
(1  ;50000),  rddchantillonnage  pour  rdduire  la  dimension  des  pixels 
i  20m  x  20m,  application  k  deux  reprises  d'un  filtre  mddian  de 
taille  3x3  afin  de  rdduire  la  granularity.  Nous  avons  de  plus 
extrait  une  sous-image  de  512  x  512  pixels  que  nous  avons 
ddcimd  &  256  x  256  pixels  (un  pixel  sur  deux)  afin  de  rdduire  le 
temps  de  traitement. 


102 


Fig.  2.1  Sous-image  des  moms  Stokes  (256  x  256  pixels)  sur 
laquellc  les  traitements  furem  effectues. 


2.4  METHODOl  .OG1F. 

L'extraction  des  lindaments  s'effectuc  cn  trois  dtapes.  La 
premiere  consiste  a  rehausser  l'image  prd-traitde  de  fagon  it 
obtenir  le  plus  fort  contraste  cntre  les  dldments  lindaires  et  leur 
environnement,  la  secondc  cst  lc  scuillage  pcrmcttant  d'obtenir 
une  image  binaire  et  la  troisieme  consiste  a  affiner  les  dldmcnts 
extraits  par  lc  scuillage  (Fig.  2.2). 


Fig.  2.2  Mdthodologie  detraction  des  lindaments  d'une  image 
numdrique. 


Le  rehaussement  de  contraste  s'effectue  au  moyen  du  filtrage 
direction-  el  de  l'image  prd-traitde  f(x,y).  On  effectue  le  produit 
de  convolution  entre  l'image  et  quatres  fibres  gradients 
directionnels  (Nord-Ouest  [NO],  Nord  [N],  Nord-Est  [NE],  Est 
[E])  de  taille  cinq  de  fagon  a  obtenir  quatre  images. 

(fNo(x.y).  ff/x.y).  fNEit^.y).  fgCx.y)) 

Chacun  de  ces  filtres  rehausse  les  dldments  perpendiculaires  a  leur 
orientation  et  attdnue  les  dldments  paralldles.  Ainsi  un  filtre  Nord 
rehaussera  les  dldments  qui  sont  orientds  Est-Ouest  et  attdnuera 
les  dldments  orientds  Nord-Sud.  En  effectuant  un  filtrage 
directionnel  de  l'image  selon  les  quatres  directions,  on  se  trouve  a 
rehausser  tous  les  dldments  prdsentant  une  orientation 
prdfdrenticlle. 

Les  quatres  images  rdsultantes  sont  ensuite  seuilldes. 

(sNdtx.y).  Sf/x.y),  s^x.y),  s^x.y)) 

Les  seuillages  s’effectuent  visuellement  de  fagon  a  conserver  le 
maximum  d'dldments  lindaires  et  le  minimum  de  surfaces.  Les 
images  obtenues  comprennent  une  multitude  d'dldments  plus  ou 
moins  lindaires  de  longueur  variable.  Afin  de  reconnecter  les 
dldments  distants  de  seulement  un  ou  deux  pixels  et  qui  selon 
toute  vraisemblance  devraient  appartenir  aux  memes 
lindaments, une  dilatation  de  taille  1  est  effectude.  On  obtient 
alors  les  images : 

(dfcCx.y).  df/x.y),  d^x.y),  d^x.y)) 

On  effectue  ensuite  une  squelettisation  de  chacune  des  images 
dans  le  but  d'obtenir  des  dldments  lindaires  (dpaisseur  dgale  a  un 
pixel)  et  non  des  surfaces  alongdes. 

(sqNd(x.y).  SQt/x.y).  sqj^x.y),  sq^x.y)) 

Les  images  de  lignes  ainsi  obtenues  component  encore  plusieurs 
dldments  lindaires  de  faible  longueur  qui  seront  retires  au  moyen 
d’un  programme  effectuant  une  sdlection  des  dldments  selon  leur 
longueur.  Les  dldments  de  longueur  (1)  infdrieure  a  un  seuil  (k) 
sont  retirds.  Ce  seuil  a  dtd  dtabli  empiriquement  a  15  pixels.  Les 
images  obtenues  sont : 

ONolx.y).  Wx.y),  lNfi(x,y),  l^x.y)) 

L'dtape  finale  consiste  a  effectuer  l'union  des  quatres  images  de 
lindaments  (Fig.  2.3)  de  fagon  a  obtenir  une  seule  image 
correspondant  a  la  carte  de  lindaments  de  la  rdgion  u(x,y). 
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Fig.  2.3  images  de  lindaments  (a)  Nord-Ouest ;  (b)  Nord  ;  (c) 
Nord-Est;  d) Est 
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2.5  RESULTATS 

La  combinaison  des  images  semble  produire  une  redondance  de 
l'information.  Ccnains  dldments  paraissent  dddoublds.  Pouliot 
(1987)  ayant  ddjit  soulevd  ce  probldme  conclue  qu'dtant  dans 
l'impossibilitd  de  savoir  si  les  lindaments  qui  paraissent  redondant 
correspondent  S  une  meme  information,  il  faut  les  considdrer 
comme  diffdrents.  En  ddpit  de  cette  remarque,  on  a  tentd  de 
fusionner  en  un  seul  dldment  les  lindaments  prdsentant  des 
comportements  similaires  et  dtant  trds  faiblement  espacds.  La 
fusion  fut  effectude  au  moyen  d'une  dilatation  (D)  de  taille  2 
suivie  d'une  squelettisation  (Sq).  Les  dldments  qui  semblaient 
dddoublds  sont  presque  tous  devenus  uniques.  Cette  dtape  a  du 
meme  coup  eu  pour  effet  de  translater  les  dldments  de  quelques 
pixels  par  rapport  il  leur  position  sur  1'image  originale.  On 
observe  ce  phdnonidne  en  superposant  1'image  de  lindaments 
rdsultante  c(x,y)  il  1'image  ROS  originale  (Fig.  2.4). 


Fig.  2.4  Superposition  de  la  carte  de  lindaments  obtenue  & 
1'image  ROS. 


L'image  binaire  obtenue  du  traitement  de  1'image  ROS  prdsente 
les  principaux  dldments  lindaires  identifiables  visuellement.  Une 
comparaison  avec  une  carte  des  lindaments  des  monts  Stokes, 
rdalisde  par  photo-interprdtation,  montre  toutefois  que  certains 
dldments,  prdsentant  un  faible  contraste  avec  leur  environnement, 
ne  sont  pas  ddtectds  par  la  mdthode. 

3.0  ANALYSE  DES  CARACTERISTIQUES  DES 
LINEAMENTS 

L’objectif  de  cette  seconde  dtape  est  de  mettre  au  point  un 
programme  d'analyse  des  caractdristiques  des  lindaments.  Celles 
-ci  sont  ddfinies  comme  dtant  la  longueur  en  fonction  de 
l'orientation,  la  densitd  de  lindaments  et  l’entrecroisements  de 
ceux-ci. 

3,1..PONN.feS 


3.2  PRETRA1TEMENTS 

Une  squelettisation  de  l’image  de  lindaments  des  monts  Stokes  a 
dtd  effectude  afin  de  s'assurer  que  tous  les  dldments  lindaires  de 
l’image  possddent  une  dpaisseur  dgale  it  un  pixel  (Fig.  3.2). 


Fig.  3.1  Images-tests  comportant  des  ligncs  d'orientation:  (a) 
0°  et  90°  [Iml] ;  (b)  45°  et  135°  [Im2];  (c)  30°  et  120° 


Fig.  3.2  Secteur  de  256  x  256  pixels  de  la  carte  de  lindaments 
numdrisde  et  squelettisdc  des  monts  Stokes. 

3.3,  MfefflQP-QLQGIE 

L'analyse  des  caractdristiques  est  rdalisde  au  moyen  d'drosions 
directionnelles,  de  dilatations  et  de  transformations  de  voisinage 
sur  une  image  binaire  squelettisde  correspondent  I  une  carte  des 
lindaments  (c(x,y)).  On  ddtermine  la  longueur  des  lindaments  en 
fonction  de  l'orientation  de  la  fa9on  suivante.  Pour  chaque 
tranche  de  15°  (1  (i) )  comprise  entre  0°  et  165°,  on  effectue: 

l(i)  =  Am\c(x,y)  n  D'OD^W.y)))] 

oh  i  =  1, 2 . 12 

1)  une  drosion  directionelle  (E)  avec  un  dldment  structurant 
Iindaire  ou  multiponctuel  (s(i))  ddcrivant  avec  l'axe  des 
ordonndes  un  angle  correspondant  &  la  direction  rccherchde. 

2)  une  dilatation  directionelle  (D)  avec  le  meme  dldment 
structurant. 

3)  une  dilatation  isotropc  (D)  avec  un  dldment  sttveturant  de  taille 
unitaire. 


Trois  images-tests  (32  x  32  pixels)  gdndrdes  par  ordinateur  ont  dtd 
utiiisdes  pour  iu  misc  au  point  uc  ia  methode  d'anaiyse  des 
caractdristiques  des  lindaments.  Chaque  image  comportait  deux 
sdries  de  lignes  paralldles  d'orientations  connues  et  d'espacement 
rdgulier.  Les  lignes  avaient  une  dpaisseur  de  un  pixel  (Fig.  3.1). 

Une  carte  de  lindaments  numdrisde  provenant  de  I'interprdtation 
visuelle,  effectude  par  Peslandes  ( 1988),  de  l'image  SEAS  AT  des 
monts  Stokes  a  dgalcment  dtd  utilisde  pour  mettre  it  l’dpreuve  la 
mdthode  d'analyse  des  caractdristiques  des  lindaments. 


4)  l’intersection  avec  l'image  originale  (c(x,y)), 

5)  un  dbarbulage  (Am)  afin  d'dliminer  les  composantes  parasites. 

L'drosion  directionnelle  (1)  a  pour  effet  de  retirer  tous  les 
dldments  lindaires  r.e  prdsentant  pas  la  direction  rccherchde.  La 
dilatation  directionnelle  (2)  permet  de  reconstituer  les  sections  de 
lindaments  prdsentant  l'orientation  rccherchde  mais  qui  ont  dtd 
partiellement  affeetds  par  l'drosion  prdeddente.  La  dilatation 
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isotrope  (3)  avec  un  dldment  unitaire  effectue  un  dpaississement 
des  dements  lindaires  restants.  L'intersection  avec  l'image 
originale  (4)  permet  de  reconstituer  dans  leur  totality  les 
lineaments  presentant  l'orientation  ddsirde  et  l'dbarbulage  (5) 
permet  d'dliminer  les  rdsidus  laissds  par  l'intersection  des  deux 
images.  Le  rdsultat  de  ces  operation  est  une  image  ne  comportant 
que  les  lineaments  presentant  l'une  des  douze  directions 
recherchees.  Pour  chaque  image  obtenue,  on  effectue  une 
sommation  des  pixels  non-nuls,  ce  qui  correspond  a  calculer  la 
longueur  totale  des  elements  presentant  une  certaine  orientation. 
A  partir  de  ces  images,  on  realise  une  rosace  exprimant  pour 
chacune  des  tranches  de  15°,  la  longueur  totale  des  lineaments 
possedant  cette  orientation  en  fonction  de  la  plus  grande  longueur 
rcncontree. 

La  densitd  etant  definie  comme  la  longueur  des  lineaments  par 
unite  de  surface,  elle  est  determinee  en  denombrant  les  pixels  non- 
nuls  presents  dans  une  fenetre  correspondant,  au  sol,  4  une  zone 
de  1km  par  1km.  Les  lineaments  etant  d'epaisseur  egale  4  un 
pixel,  leur  longueur  est  bien  egale  au  nombre  de  pixels  non-nuls. 
L'entrecroisement  des  lineaments  est  determine  en  extrayant  les 
pixels  qui  possddent  plus  de  deux  voisins  non-consdcutifs  en 
trame  octogonale.  On  utilise  alors  un  voisinage  determine  par  unc 
fenetre  de  3  x  3  pixels. 

3.4  RESULTATS 

La  methode  a  did  en  mesure  de  determiner  la  longueur  en  fonction 
de  l'orientation  des  elements  de  chacune  des  images-tests  avec 
une  trds  grande  precision  pour  les  directions  correspondant  4 
ccllcs  du  maillage  de  la  trame  octogonale  et  une  precision 
satisfaisante  pour  les  autres  directions  (Fig.  3.3).  La  densitd  et 
l'entrecroisement  ont  ggalemcnt  dtd  determines  avec  une  trds 
grande  precision  comme  en  temoignent  les  rdsultats  presentes  aux 
tableaux  3.1  et  3.2. 

Cette  methode  fut  ensuite  appliquee  4  l'image  binaire  resultant  de 
la  numerisation  de  la  carte  de  lineaments  provenant  de 
l'interpretation  de  l'image  ROS  des  moms  Stokes.  Les  rdsultats 
seront  dventuellement  confrontds  avec  ceux  que  Ton  obtiendra  de 
l’analyse  visuelle  de  la  carte  de  lineaments. 


Tableau  3.2 


Entrecroisement  des  lindaments  (images  32  x  32  pixels) 

Image 

correlations 

analyse  visuelle-analyse  automatique 

Iml 

1.0 

Im2 

1.0 

Im3 

1.0 

4.0  CONCLUSION 


Les  mdthodes  d'identification  et  d’analyse  des  lineaments, 
ddveloppdes  dans  cette  etude,  permettrons  d'obtenir  rapidement 
des  rdsultats  normalises.  A  partir  de  ceux-ci,  il  sera  ddsormais 
possible  de  comparer  les  anomalies  gdomdtriques  des  lineaments 
de  differentes  regions  afin  de  determiner  les  secteurs  4  plus  forte 
probability  de  mineralisation. 

L'interprdtadon  visuelle  de  la  carte  de  lineaments  obtenue  4  partir 
de  la  mdihode  detraction  automatique  appliqude  4  une  image 
ROS  des  morns  Stokes,  montre  qu’une  grande  quantitd  de 
lindaments  ont  dtd  ddtectds.  Toutefois,  ne  possddant  pas  de 
mdthode  rigoureusc  d'dvaluation  de„  performances  de  la  mdthode 
elaborde,  il  n'est  pas  possible  de  conclure  de  fa?on  definitive  sur 
son  efficacitd.  Une  rndthode  d’dvaluation  quantitative  des 
performances  sera  dventuellement  mise  au  point.  La  mdthode 
d'analyse  des  caractdristiques  gdometriques  des  lindaments  4  fait 
l'objet  d'une  evaluation  plus  rigoureuse.  Une  sdrie  d’images-test 
ont  dtd  utilisdes  4  cette  fin.  Les  rdsultats  obtenus  permettent 
d'affirmer  que  la  mdthode  est  en  mesure  de  determiner  la 
longueur  des  lindaments  en  fonction  de  leur  orientation  avec  un 
maximum  de  precision  dans  les  quatre  directions  du  maillage  de  la 
trame  octogonale.  Elle  est  dgalement  capable  de  determiner  la 
densitd  des  lindaments  et  l'entrecroisement  de  ceux-ci. 


fcORD  HORD  NORP 

^  ^  Ut  Oils,  «ST  OIUI 
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Fig.  3.3  Rosaces  des  lindaments,  images  comportant  des  lignes 
d'orientation :  (a)  0°  et  90°  [Iml];  (b)  45°  et  135°  [Im2]; 
(c)  30°  et  120°  [Im3], 


Tableau  3.1 


Densitd  des  lindaments  (images  32  x  32  pixels) 

Image 

condlations 

analyse  visuelle-analyse  automatique 

Iml 

1.0 

Im2 

1.0 

Im3 

1.0 

La  mdthode  detraction  des  lindaments  a  dtd  appliqude  4  une 
seule  image.  On  prdvoit  maintenant  effectuer  les  mgmes 
traitements  sur  d'autres  images  presentant  des  caractdristiques 
gdologiques  differentes  afin  d'dvaluer  sa  robustesse. 
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ABSTRACT 

This  paper  examines  the  analysis  of  a  Landsat  4 
TM  scene  for  lineament  detection  in  one  area  along 
the  Balcones/Ouachita  trend  in  Central  Texas. 
Landsat  imagery  was  enhanced  to  facilitate 
lineament  identification.  Comparisons  of  lineament 
orientation  are  made  among  lineaments  from  a 
variety  of  image  sources.  A  short  discussion  of 
edge  enhancement  techniques  employed  is 
included. 

INTRODUCTION 

Lineaments,  in  the  simplest  terms,  are  straight 
lines  seen  from  afar  on  the  sunace  of  the  earth. 
Lineaments  were  described  as  early  as  1863  by 
Dana  [1],  The  first  systematic  use  of  the  concept 
devolved  from  works  by  Hobbs  [2]  in  the  early 
part  of  this  century.  Hobbs  perceived  linear 
features  as  being,  "significant  lines  of  landscape 
which  reveal  the  hidden  architecture  of  roc': 
basement..."  More  recently  lineaments  have  been 
described  in  regional  tectonic  analyses  [  3  ] . 
Lineament  analysis  has  also  been  given  tongue-in- 
cheek  treatment  by  Wise  [4].  Lines  abound  on  the 
earth  and  misdiagnosis  is  always  a  real  danger 
(e.g.,  the  unwary  investigator  who  maps  an  electric 
power  grid). 

Mindful  of  the  pitfalls  associated  with  such 
analysis,  lineaments  are  examined  in  the  Austin- 
San  Antonio,  Texas  area  for  indications  of  the  grain 
of  the  Balcones/Ouachita  structural  belt.  Ongoing 
water  related  processes  continue  to  accentuate  the 
ancient  structural  grain.  Water  dissolves  the  near 
surface  limestones  and  as  channels  are  enlarged 
more  water  is  introduced,  thus  causing  more 
dissolution  of  the  strata. 

As  described  above,  the  Edwards  Aquifer  has  been 
established  as  a  high-permeability  system  with 


anisotropic  properties  which  are  suggested  by  the' 
orientation  of  the  lineaments.  The  underlying 
assumption  is  that  preferred  underground  flow 
paths  are  indicated  by  these  features.  Locally, 
precise  traces  of  these  features  are  also  sites  of 
enhanced  well  production.  Densities  of  lineaments 
and  lineament  intersection  suggest  loci  of 
enhanced  recharge  owing  to  increased  fracture 
porosity  and  related  dissolution. 

Woodruffs  earlier  work  [5]  mapped  lineaments  for 
a  segment  of  the  Edwards  Aquifer  area  (see  figure 
1)  after  visual  inspection  of  air  photos  and 
standard-product  Landsat  imagery.  The  study 
area  (  a  512  X  512  subset  of  the  original  satellite 
image)  lies  south-southwest  of  Austin,  Texas.  The 
Balcones  Fault  Zone  cuts  through  it  in  a  nearly 
diagonal  orientation.  This  is  a  series  of  en  echelon 
normal  faults  that  have  an  aggregate  movement  in 
this  area  of  several  thousand  feet.  Maximum 
known  displacement  across  a  single  fault  in  the 
study  area  is  about  600  feet.  The  main  aspect  of 
motion  is  down  toward  the  Gulf  Coast.  Most  of  the 
tectonic  events  responsible  for  this  fault 
displacement  probably  occurred  during  the 
Miocene  epoch.  Tectonism  is  no  longer  active  along 
this  trend. 

The  Balcones  Fault  Zone  is  a  near-surface 
manifestation  of  a  deep-seated  crustal 
discontinuity.  The  Ouachita  orogen  lies  buried 
beneath  the  area  and  forms  a  hinge  between  the 
stable  continental  interior  and  the  still  subsiding 
Gulf  Coast  Basin  (Flawn,  £iai,  1961].  Adjustments 
across  this  hinge  were  probably  responsible  for  the 
down-to-the-coast  dislocation  of  the  Balcones  fault 
system  and  for  the  emplacement  of  the  igneous 
plugs  that  lie  along  the  fault  zone.  The  overall 
northeast-southwest  trend  of  the  Ouachita  orogen 
was  probably  a  major  determining  factor  in  the 
orientation  of  the  main  bounding  faults  of  the 
system  [Muehlberger  &  Kurie,  1956] 
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FIGURE  1  LANDSAT  STUDY  AREA 


Originally  the  analysis  was  to  employ  a  digital  tape 
for  the  Austin,  Texas  scene  (Path  -  T27,  Row  -39), 
25  January,  1984.  Unfortunately,  this  tape  proved 
to  have  data  irregularities  in  the  columns 
containing  the  study  area  (and  in  those  columns 
only).  Therefore,  as  an  alternative,  a  later  Landsat 
mosaic,  9  April  1984,  was  used.  This  mosaic  was 
scanned  (in  black  and  white)  with  an  Eikonix 
scanner.  The  digital  product  was  then  used  in  lieu 
of  higher  quality  tape  data.  For  this  reason,  the 
results  discussed  here  should  be  considered 
preliminary.  Subsequent  investigations  will 
employ  Landsat  digital  tapes. 


IMAGE  ENHANCEMENT 


Initially  attempts  at  lineament  enhancement 
employed  the  local  adaptive  techniques  described 
by  Driscoll  and  Walker  [6].  The  results,  however, 
tended  to  be  either  too  noisy  or  too  dark  and  were 
never  quite  satisfactory. 


Because  of  the  earlier  work  by  Woodruff  [5],  the 
orientation  of  the  Balcones  Zone  related  faults  was 
anticipated  -  the  general  northeast-southwest 
grain  apparent  in  the  imagery.  These  earlier 
findings  influenced  the  selection  of  directional 
filters  which  were  rotated  in  5  degree  increments 
through  the  areas  20  degrees  to  40  degrees  east 


and  west  of  north.  A  standard  trigncncmctnc 


filter  was  employed  [7].  For  increments  west  of 


north  the  trig  functions  were  positive.  For 


increments  east  of  north  the  trig  functions  were 


negative. 
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FIGURE  2 
SCANNED  IMAGE 


FIGURE  3 
FILTERED  IMAGE 

The  results  varied  little  from  one  increment  'to  the 
next  with  the  optimal  enhancements  for  visual 
interpretation  occurring  at  35  degrees  east  of 
north  and  35  degrees  west  of  north.  Figure  2 
shows  the  area  scanned  from  the  Landsat  mosaic 
after  stretching.  Figure  3  is  the  same  area  after 
application  of  the  directional  filters.  Figure  4 
shows  the  results  in  figure  3  after  histogram 
equalization.  Equalization  improved  the  visual 
qualities  of  the  image. 

Lineaments  were  mapped  by  hand  off  of  hard 
copies  from  a  Tektronix  wax  copier.  The 
lineaments  mapped  on  mylar  were  in  turn  scanned 
by  (he  same  Eikonix  instrument.  These  were 
digitized  so  that  length  and  azimuth  could  be 
automatically  calculated. 
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FIGURE  4 
FILTERED  IMAGE 
AFTER  EQUALIZATION 


FIGURE  5 

MAP  OF  LINEAMENTS 


CONCLUSIONS 

The  use  of  scanned  mosaics  does  not  render  results 
e.s  satisfactory  as  those  derived  from  tape.  A 
significant  swarm  of  lineaments  in  a  vector  oblique 
to  the  prevailing  trend  of  known  linear  features 
may  underscore  the  weakness  with  this  scanning 
approach.  Analysis  of  digital  tapes  will  be 
necessary  to  determine  whether  these  lineaments 
are  the  products  of  the  scanning  process  or  are 
indicators  of  previously  unmapped  physiographic 
features. 
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ABSTRACT 

In  this  reconnaissance  study,  the  Moodus,  Connecticut,  seismic  area  was  examined  primarily  tor  the  presence  of  tectonic  fracture 
indicators.  Fracture  indicators,  lineaments  and  or  fracture  traces,  are  thought  to  be  the  surface  expression  of  subsurface  fracture  zones 
related  to  crustal  stresses  and  therefore  to  provide  clues  to  the  cause  of  this  area's  anomalous  seismic  activity.  Neotectonic  and  geochemical 
information  was  also  evaluated  for  its  possible  relationship  to  the  area's  endemic  seismic  events.  The  purpose  of  this  study  was  to  assess  the 
area's  linear  fracture  indicators  and  to  compare  that  information  to  independently  obtained  In  situ  and  regional  stress  information.  This  study 
was  motivated,  in  part,  by  the  proximity  of  an  operating  nuclear  power  station  to  the  Moodus  area. 

The  area  examined  covers  six  U.S.G.S.  7.5  minute  topographic  quadrangles  around  the  Moodus  area.  Geologically,  it  lies  In  deformed  lower 
Paleozoic  units  of  the  Eastern  Uplands  adjacent  to  the  Central  Lowlands  (Mesozoic  basin)  of  Connecticut.  The  Imagery  used  Included 
1:250,000  SLAR  (mosaic),  1.100,000  SPOT  (panchromatic);  and  1:80,000  and  1:18,000  aerial  photography  (stereo,  black  and  white).  All 
quadrangles  were  examined  at  the  three  smaller  scales  while  only  the  Moodus  quadrangle  was  examined  at  the  1:18,000  scale.  Fracture 
indicators  were  mapped  and  data  on  orientation,  frequency,  and  length  were  compiled  through  standard  techniques. 

The  results  of  the  analysis  indicate  that  unambiguous  neotectonic  geologic  features  related  to  the  seismic  activity  were  not  In  evidence.  No 
supersaturated  conditions  were  detected  in  33  stream  bottom  samples  and  8  water  analyses.  Analysis  of  orientation  data  from  observed 
fracture  indicators  revealed  prominent  orientation  peaks  at  080-090  and  340-350  degrees.  These  orientations  are  essentially  parallel  and 
perpendicular,  respectively,  to  the  direction  ol  the  maximum  compressive  stress  (<Ji)  as  determined  by  other  researchers  from  analyses  of  in 
situ  stress  and  earthquake  focal  mechanism  information.  This  suggests  a  causal  association  with  a  thrust  stress  regime  In  this  area. 
Lineament  frequency  was  observed  to  increase  in  the  Moodus  quadrangle  relative  to  the  adjacent  study  quadrangles.  This  suggests  that  the 
seismic  area  may  be  related  to  an  increase  in  fracture  frequency.  Analysis  of  the  multi-scale  lineament  data  revealed  an  exponential  decay  in 
lineament  frequency  per  unit  area  and  a  linear  increase  in  average  lineament  length,  both  as  imagery  scale  number  increases.  These  results 
suggest  that  fundamental  scale-dependent  relationships  may  exist  for  fracture  Indicator  frequency  and  length  data. 

KEYWORDS  ■  NEOTECTONICS,  FRACTURES,  UNEAMENTS,  REMOTE  SENSING,  IN  SITU  STRESS,  MOODUS  SEISMIC  AREA,  CONNECTICUT 


INTRODUCTION 

The  Moodus  Seismic  Area  has  been  the  site  of  numerous, 
generally  low  intensity,  seismic  events  in  recent  years  and  has  a 
record  of  seismic  activity  dating  from  Connecticut's  colonial  era 
(Barosh  et  a!.,  1982).  Scientific  efforts  to  investigate  the  cause  of 
this  anomalous  seismic  activity  have  ranged  from  detailed  geologic 
and  surficial  mapping  of  the  area  (London,  1989;  LaFleur,  1980) 
to  monitoring  seismic  activity  and  drilling  and  testing  deep 
research  boreholes  (Zoback  and  Moos,  1988;  American 
Geophysical  Union,  1988).  Some  of  these  efforts  have  been 
motivated  by  the  close  proximity  of  the  Haddam  Neck  (Connecticut 
Yankee)  Nuclear  Station  to  an  area  of  possible  seismic  risk. 

SETTING  OF  STUDY  AREA 

The  area  subjected  to  analysis  in  this  investigation  is  a  block  of 
six  U.S.  Geological  Survey  (USGS)  7.5  minute  quadrangles.  The  six 
quadrangles  studied:  1)  Middle  Haddam;  2)  Moodus;  3)  Colchester; 
4)  Haddam;  5)  Deep  River;  and  6)  Hamburg;  are  centered  on  the 
town  of  Moodus  and  cover  nearly  880  square  kilometers  (see 
Figure  1).  Physiographically,  the  study  area  has  a  rolling. 


irregular  topography  characterized  by  steep  hillsides,  narrow 
valleys,  and  rare,  broad  uplands.  The  Connecticut  River  Is  the 
primary  drainage  and  there  are  two  major  tributaries,  the  Salmon 
River  and  the  Moodus  River,  which  flow  generally  from  the 
northeast  to  the  southwest. 

Geologically,  the  study  block  lies  primarily  within 
Connecticut's  Eastern  Uplands  and  extends  slightly  into  the  Central 
Valley  physiographic  province  (Rodgers,  1985).  The  Eastern 
Uplands  province  is  composed  of  severely  deformed  and 
metamorphosed,  probable  lower  Paleozoic  and  possibly  older  units 
whose  stratigraphic  relationships  are  difficult  to  ascertain 
(London,  1989).  While  the  details  may  be  lacking,  this  sequence: 
Monson  Gneiss  •  Middletown  (Ammonoosuc)  -  Collins  Hill  -  and 
Hebron  formations;  appears  to  reveal  the  emplacement  of  lower 
Paleozoic  units  onto  an  Avalonian  basement  complex  (Lundgren, 
1979;  Weston  Geophysical  Corp.,  1982). 

GEOCHEMICAL  STUDIES  OF  STREAM  WATERS 

In  an  attempt  to  identify  areas  of  anomalous  surface  water 
chemistry  that  might  be  related  to  seismic  activity  or  fault 
movements,  streams  in  the  Moodus  area  were  examined  and 
sampled  during  late  summer,  low-flow  conditions.  A  review  of 
available  literature  and  outcrops  had  revealed  no  unambiguous 
evidence  for  or  expression  of  neotectonic,  surface  disturbances.  In 
some  areas,  the  down-stream  presence  of  travertine-marl  deposits 
and  anomalous  concentrations  of  related  chemical  species  has  been 
used  lo  identify  fault  and  fracture  zones.  These  deposits  are 
apparently  related  to  effluent,  carbonate-rich,  ground  water  from 
the  dissolution  of  fault  gouge  oreciDitating  in  turbulent,  aerated, 
stream  riffles  (Thornton,  1953).  Because  of  the  presence  of 
carbonate-bearing  gneisses  of  the  Hebron  Formation  In  the  study 
area,  it  was  hoped  that  fault  and  fracture  features  impacting  the 
surface  stream  network  might  be  identified. 

In  all,  stream  sediments  were  examined  at  33  points  by  visual 
inspection  and  8  water  samples  were  taken  from  the  area  (see 
Figure  2).  Despite  low  water  levels,  no  evidence  for  precipitation 
of  dissolved  species  was  observed  in  the  streams  studied.  Analysis 
of  ths  water  samples  confirmed  this,  Indicating  that  the  stream 
waters  were  undersaturated  (see  Figure  3).  With  the  exception  of 
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Figure  2,  Map  of  geochemical  sampling  points  and  area  features 

salt  contamination  from  a  major  highway  observed  in  Sample  5, 
the  stream  waters  appeared  to  be  well  buffered  with  surprisingly 
little  mineral  content.  This  may  be  the  result  of  the  abscence  of 
dissolved  species  in  effluent  ground  waters,  the  precipitation  of 
constituents  within  the  glacial  overburden,  or  low-water  levels 
preventing  the  discharge  of  key  chemical  species. 

ANALYSIS  OF  FRACTURE  INDICATORS 

In  order  to  characterize  the  orienration,  frequency,  and  length 
of  linear  fracture  indicators  in  and  around  the  six  quadrangle  study 
block,  lineaments  and  fracture  trace  features  were  mapped  on 
available  imagery  types.  As  numerous  studies  in  other  areas  have 
correlated  these  linear  topographic,  tonal,  vegetative,  and  or 
combination  features  with  discrete  zones  of  fracture  concentration 
related  to  tectonic  stresses,  assessing  their  distribution  in  the 
Moodus  area  was  critical.  This  need  was  underscored  by  the 


Figure  3,  Results  of  geochemical  stream  water  analyses 


labeling  of  the  Salmon  River  valley  as  a  lineament-fault  by  Barosh 
et  al.  (1982)  and  the  proximity  of  both  this  feature  and  the 
Haddam  Neck  Nuclear  Station  to  the  seismic  area. 

Four  different  types  of  Imagery  were  analyzed  through  the  use 
of  techniques  aoapted  tram  Lattman  (1958)  and  Meiser  and  Earl 
(1982):  a  1:250,000  scale,  SLAR  (Side-Looking  Airborne  Radar) 
mosaic;  a  1:100,000  scale,  panchromatic  SPOT  (Systeme  Pour 
I'Observation  de  la  Terre)  image  with  partial  coverage  of  the  study 
block;  a  series  of  1:80,000  scale,  high-altitude,  black  and  white, 
stereoscopic,  aerial  photographs  covering  the  study  block;  and  a 
series  of  1:18,000  scale,  low-altitude,  stereoscopic,  black  and 
white  aerial  photographs  that  covered  only  the  Moodus  quadiangle. 
Through  the  use  of  'his  multi-scale  approach,  a  more  complete 
characterization  of  lineament  features  was  obtained.  However, 
because  of  the  subjective  nature  of  this  technique,  it  must  be  noted 
that  these  results  must  be  verified  by  site-specific  techniques 
before  they  will  yield  conclusive  tectonic  or  geologic  information. 

Side-Looking  Airborne  Radar  Imagery 

The  SLAR  imagery  used  in  this  study  was  acquired  for  the 
Connecticut  Geologic  and  Natural  History  Survey  (CGNHS)  by  the 
USGS  in  May  of  1984.  It  has  an  east  look  direction  and  at 
1:250,000  scale  provides  an  excellent  base  for  analysis  of 
fracture  indicators.  In  all,  48  lineaments  were  identified  within 
or  intersecting  the  six  quadrangle  study  block.  These  features, 
primarily  within  the  Eastern  Uplands,  ranged  in  length  from  6  to 
27  kilometers  and  may  indicate  first-order  tectonic  fractures. 
Both  the  Salmon  and  Moodus  Rivers  appear  as  lineaments  that 
(coincidentally)  appear  to  intersect  at  the  Haddam  Neck  power 
plant.  Also  evident  on  the  image  is  a  section  of  the  border  fault  that 
separates  the  two  physiographic-  provinces  in  the  study  area.  In 
addition,  the  results  of  this  limited  study  compare  well  (about 
70%  correspondence)  to  the  results  of  a  SLAR  lineament  map  at 
1:125,000  scale  prepared  by  Attamura  (1985). 

The  SLAR  lineament  orientation  data  are  presented  In  an 
azimuthal  half-rose  diagram  (see  Figure  4).  This  figure  reveals 
that  the  features  observed  in  the  six  quadrangle  study  block  have  a 
primary  orientation  maximum  trending  to  the  north-northwest 
between  340-350  degrees.  Also,  a  secondary  maximum  trends 
northwest  at  between  300-320  degrees.  These  results  compare 
well  to  lineament  data  in  Weston  Geophysical  Corp.  documents 
(1982)  which  note  the  presence  of  generally  northwest  trending 
features.  It  should  be  noted  that  a  lack  of  east-west  lineaments  may 
be  due  to  the  east-look  direction  of  the  SLAR  sensor. 

SPOT  Satellite  Imagery 

A  SPOT  1:100,000  scale  scene  taken  In  March  1986  was 
selected  for  this  study  because  of  its  10  meter  pixel  resolution  in 
the  panchromatic  band.  As  this  was  prior  to  the  introduction  of 
SPOT’s  scene-shifting  process,  only  the  three  northern 
quadrangles  of  th9  study  block  were  covered  by  the  image.  While 


Figure  4,  Orientation  of  lineaments  observed  on  SLAR  mosaic 
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this  limited  its  utility,  the  scene  provided  a  very  detailed  view 
suitable  for  identifying  fracture  indicators  and  other  landscape 
elements.  In  all,  37  lineaments  were  noted  over  the  visible 
portion  of  the  study  area.  The  features  were  found  primarily  In  the 
Eastern  Uplands  and  ranged  in  length  from  4  to  10  kilometers. 

The  azimuthal  half-rose  diagram  of  SPOT  lineament 
orientations  reveals  a  different  distribution  of  features  than  the 
radar  imagery  (see  Figure  5).  This  distribution  records  two 
primary  peaks;  a  broad  one  to  the  north-northeast  between  020- 
040  degrees  and  a  nar  ow  one  that  coincides  with  the  previously 
noted  SLAR  maxima  uetween  340-350  degrees.  The  northeast 
orientation  peak  may  be  due  to  the  subdivision  of  the  Salmon  River 
lineament-fault  into  a  number  of  shorter  lineaments.  The  overall 
change  in  observed  fraclure  indicators  may  possibly  be  the  result 
of  the  scale  change,  the  relationship  between  first-  and  second- 
order  tectonic  structures  (see  Canich  and  Gold,  1977),  or  to  the 
resolution  of  the  SPOT  imagery. 

Hlgh-Altltude  Aerial  Photography 

Fourteen  1:80,000  scale,  black  and  white,  aerial  photographs 
from  a  1980  flight  were  required  to  cover  the  six  quadrangle  study 
block.  In  all,  113  fracture  indicators  were  observed  on  the  stereo 
pairs  of  photographs  used  to  analyze  this  region.  They  ranged  in 
length  from  2  to  13  kilometers  and  revealed  both  the  Salmon  and 
Moodus  river  lineaments  to  be  a  series  of  shorter,  discontinuous 
features.  Several  features  correlate  closely  to  the  border  fault  and 
possibly  to  a  north  and  northeast  trending  dike  (Rodgers,  1985). 

The  orientation  data  for  the  lineaments  mapped  on  the  high- 
altitude  photography  reveals  two  primary  maxima:  a  narrow, 
northeast  peak  between  030  040  degrees  and  a  broader,  north- 
northwest  peak  between  330-350  degrees(see  Figure  6).  North 
oriented  features  between  these  two  peaks  are  represented  by  a 
secondary  maxima.  The  reasonably  close  correlation  between  the 
high-altitude  and  SPOT  data  suggests  that  types  of  imagery  are 
capable  of  identifying  the  same  sets  of  fracture  indicators.  Any 
differences  between  them  may  be  due  to  the  stereoscopic  ability  of 
the  aerial  photographs.  This  possibility  could  be  tested  by 
comparision  with  the  SPOT  satellite's  own  stereoscopic  capability. 

Low-Altitude  Aerial  Photography 

Because  of  study  limitations,  only  the  Moodus  Quadrangle  was 
subjected  to  the  1.18,000  scale,  lineament  analysis.  A  total  of  25, 
stereo,  black  and  white,  aerial  photographs  provided  coverage  of 
the  quadrangle.  A  total  of  159  fracture  indicators,  ranging  in 
length  from  less  than  1  kilometer  to  almost  3  kilometers,  were 
mapped  in  this  area.  In  some  cases  the  mapped  features  appeared  to 
correlate  to  previously  mapped  lineaments.  These  short  features 
are  thought  to  be  related  to  joint  and  fault  traces,  lithologic  bedding 
and  strike  lines,  and  possibly  glacial  scour  and  or  foliation 
directions  (Weston  Geophysical  Corp.  1982). 

The  orientation  diagram  for  the  low  altitude  data  is  distinct 
from  the  previously  observed  distributions  (see  Figure  7).  This 

N 


Figure  5,  Orientation  of  lineaments  observed  on  SPOT  image 


Figure  6,  Orientation  ot  lNi.«t,„vi.U  on  high-altitude  photographs 

data  set  shows  a  pair  of  orientation  maxima;  again  one  to  the 
northwest  between  320-330  degrees  and  the  second  in  a  new 
direction,  to  the  east  at  080  090  degrees.  While  the  first  peak  is 
similar  to  other  northwest  trending  orientation  maxima,  the  second 
peak  is  nearly  orthogonal  to  all  previously  observed  lineament 
orientation  peaks.  This  may  be  due  to  these  features  being  related 
to  small  tectonic  structures  or  they  may  indicate  the  nature  of  the 
area's  current  stress-state.  In  any  case,  this  eastern  orientation 
peak  does  not  correla'e  to  mapped  geologic  features. 

Discussion  of  Results 

Besides  providing  information  on  the  overall  distribution  of 
fracture  indicators  across  the  six-quadrangle  study  area,  the 
analysis  results  may  provide  insights  about  the  low-intensity, 
seismic  activity  prevalent  in  the  Moodus  vicinity.  Results  of  in 
situ  testing  at  the  Moodus  Deep  Hole  provide  detailed  information  on 
the  state  of  crustal  stress  in  the  area.  Hydraulic  fracturing  tests 
and  borehole  televiewer  surveys  indicate  that:  the  direction  of  the 
maximum  horizontal  compression  (C5i)  is  essentially  east-west  at 
086  degrees;  the  least  principal  stress  (<?3)  is  duo  to  overburden 
pressure  and  is  vertical;  and  the  area  appears  to  be  under  a 
reverse-thrust  regime  capable  of  causing  low  intensity  events 
along  faults  oriented  north  south  (Zoback  and  Moos,  1988).  This 
^formation  is  supported  by  unpublished  focal  mechanism  solutions 
for  a  number  of  recent  Moodus  area  earthquakes. 

These  in  situ  measurements  are  also  supported,  less  precisely, 
by  the  results  of  the  fracture  indicator  analysis.  A  plausible 
explanation  for  the  singular  lineament  orientation  peak  (080-090 
degrees)  observed  on  the  low-altitude  aerial  photographs  is  that 
these  features  represent  fractures  opened  or  forming  under  the 
current,  in  situ  stress  field.  In  addition,  with  north-northwest 


Figure  7,  Orientation  of  lineamuuts  on  low-altitude  photographs 
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(340-350  degrees),  and  10  a  lesser  degree  north  to  northeast, 
lineament  orientations  dominating  the  SLAR,  SPOT,  and  high- 
altitude  surveys,  it  is  possible  that  these  observed  features  reflect 
fractures  affected  by  the  reverse-thrust  stress  regime. 

Determining  the  number  of  fracture  indicators  observed  within 
or  Intersecting  each  quadrangle  provides  another  indication  as  to 
the  reason  for  endemic  seismic  activity  in  the  Moodus  area.  Each 
imagery  analysis  that  examined  more  than  one  study  area 
quadrangle  observed  an  increase  in  number  of  lineaments  over  the 
Moodus  Quadrangle  (see  Figure  8).  This  measure  of  lineament 
“frequency"  suggests  that  the  Moodus  area  may  be  more  fractured 
than  adjacent  areas.  It  is  uncertain  whether  this  contributes  to  or 
is  the  result  of  the  increased  seismic  activity. 

Results  that  are  less  specific  to  the  Moodus  area  but  of 
potentially  greater  significance  are  revealed  when  the  results  from 
all  four  scales  of  imagery  are  examined  together.  Figure  9  shows 
the  observed  relationship  between  the  average  number  of 
lineaments  intersecting  a  quadrangle  and  the  scale  of  the  image  used 
in  the  analysis.  The  plot  shows  an  exponential  decrease  In 
lineament  frequency  with  increasing  imagery  scale  number.  This 
intuitively  makes  sense  as  it  indicates  that  with  an  increase  in  size 
of  a  lineament  feature,  fewer  features  of  that  size  will  be  observed 
in  a  unit  area.  It  should  be  noted  that  as  only  one  quadrangle  was 
examined  at  the  1:18,000  scale,  this  data  point  is  only  an  estimate. 
An  additional  relationship  is  illustrated  in  Figure  10.  When  the 
average  lineament  length  observed  is  plotted  against  imagery  scale 
number,  a  distinct,  positively  sloped,  linear  trend  Is  revealed. 
This  suggests  that  there  may  be  an  appropriate  scale  of  imagery  for 
the  observation  of  a  particular  size  of  fracture  feature.  While  both 
these  observed  relationships  may  be  a  function  of  imagery 
resolution  and  or  human  perception,  they  may  also  relate  to  the 
fundamental  causes  of  lineaments  in  geologic  environments. 

CONCLUSIONS 

The  principal  conclusions  that  can  be  drawn  from  this  study 
are:  1)  no  distinctly  positive  evidence  of  neotectonic  disturbances 
related  to  the  seismic  activity  were  observed:  2)  the  limited 
geochemical  studies  of  local  stream  waters  produced  no  indication 
of  effluent  ground  water  related  to  fractures  or  the  dissolution  of 
carbonate  in  the  subsurface;  3)  multi-scale  lineament  analysis 
revealed  varying  distributions  of  fracture  indicator  orientation, 
frequency,  and  length;  4)  lineament  orientation  peaks  that  are 
concentrated  in  the  east  (080-090)  and  north-northwest  (340- 
350)  may  correlate  with  in  situ  measurements  recording  an  east- 
west  trend  of  maximum  compression  and  a  north-south,  reverse- 
thrust,  crustal  stress  regime;  5)  an  increase  in  lineament 
frequency  over  the  Moodus  Quadrangle  suggests  that  the  seismic 
area  may  be  more  fractured  and  thus  more  subject  to  subsurface 
disturbance;  6)  average  lineament  frequency  per  quadrangle  block 
shows  an  exponential  decrease  with  increasing  imagery  scale 
number;  and  8)  average  lineament  length  increases  linearly  with 
increasing  imagery  scale  number.  Additional  information  specific 
to  fracture  indicators  and  earthquake  activity  in  the  Moodus  area 
could  be  gathered  by  lurtner  study;  however,  confirmation  of  the 
indicated  scale-dependent  relationship  for  lineament  frequency  and 
length  data  may  prove  to  more  valuable  in  the  long  run. 
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Figure  8,  Areal  lineament  frequency  by  quadrangle 


Figure  9,  Observed  relationship  between  average  lineament 
frequency  per  quadrangle  and  imagery  scale  number 


Figure  10,  Observed  rtimiiuiisn,p  oetween  average  lineament 
length  and  imagery  scale  number 
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ABSTRACT 

Landsat  MSS  False  Colour  Composite  on  1:537,000 
scale  has  been  interpreted  to  study  the  lineaments 
in  the  study  area  (Frame  145-051  covering  Hassan, 

Chtkmagalur,  Kodagu,  Shivamoga,  Mysore,  Dakshina 
Kannada,  Tumkur,  Chitradurga  Districts  of  Karnataka 
and  Kasaragod  District  of  Kerala).  The  lineaments 
were  grouped  into  6  classes  based  on  their  length. 

These  six  classes  were  divided  into  3  groups  and  rose 
diagrams  of  the  lineaments  based  on  their  direction 
were  ploLted.  The  most  prominent  lineament  is  about 
190  km  long  and  is  named  Hemavalhi-Tirthahalli  mega- 
lineament  for  easy  reference.  The  direction  of  this 

mega-lineament  is  almost  parallel  to  the  west  coast. 
This  mega-lineament  with  considerable  length  and 
almost  parallel  orientation  to  the  west  coast  indicates 
that  it  might  have,  developed  during  the  West  Coast 
Fault  period.  Major  lineaments  like  Yagachi,  Tungj 
and  a  good  number  of  other  lineaments  are  also  parallel 
to  the  west  coast  and  might  have  developed  during 
the  same  period.  As  most  of  the  earthquakes  (between 
1967  and  77)  in  Southern  Peninsula  occurred  in  the 

vicinity  of  NNW-SSE  to  NW-SE  trending  mega  lineaments, 
the  Hemavathi-Tirthahalli  mega-lineament  should  be 
studied  to  understand  its  seismic  status. 

Key  Words  :  Mega-lineament,  West  Coast  Fault,  Rose 
Diagram,  Landsat,  Earthquake 

INTRODUCTION 

Lineament  studies  have  become  an  important  step  in 
analysing  the  structural  and  tectonic  aspects  of  an 
area.  Lineament  studies  are  useful  in  groundwater, 
mineral,  oil  explorations  and  in  engineering  geological 
applications  as  lineaments  may  represent  fractures, 
faults,  shear  zones  etc.  Using  Landsat  MSS  band  5 
image  on  1:1000,000  scale  Srinivasan  and  Sreenivas 
(1977)  had  mapped  the  lineaments  in  the  study  area. 
In  the  present  work  Landsat  5  MSS  False  Colour  Composi¬ 
te  on  1:537,000  scale  has  been  used  to  study  the  Origin 
and  Significance  of  Hemavathi-Tirthahalli  mega-linea¬ 
ment  and  surrounding  lineaments. 

STUDY  AREA 

Landsat  5  MSS  False  Colour  Composite  of  a  scene 
145-051  covering  Hassan  and  Chtkmagalur  Districts 
fully  and  parts  of  Dakshina  Kannada,  Kodagu,  Mysore, 


Tumkur,  Chitradurga  and  Shivamoga  districts  of  Karna¬ 
taka  and  Kasaragod  district  of  Kerala,  has  been  studied. 

METHODOLOGY 

Landsat  MSS  False  Colour  Composite  has  been  interpre¬ 
ted  visually  to  map  the  lineaments  in  the  area.  The 
lineaments  were  grouped  based  on  their  length  into 
6  classes  i.e  lineaments  having  length  <110  km,  10-20 
km,  20-30  km,  30-40  km,  40-50  km  and  >50  km.  These 
classes  were  divided  into  3  groups  (1)  Lineaments  of 
length  <  10  km  (2)  Lineaments  of  length  10-20  km  (3) 
Lineaments  of  length  >  20  km  and  rose  diagrams  based 
on  their  direction  were  plotted. 

RESULTS  &  DISCUSSION 

The  lengthwise  classification  of  the  lineaments  showed 
that  the  number  of  minor  lineaments  (281)  having  length 
of  <10  kms  is  more  than  that  of  any  other  class.  The 
lineaments  with  length  10-20  km  is  also  considerable 
i.e  64,  whereas  lineaments  with  length  >  20  km  are 
only  20.  Among  the  last  category  those  between  20 
to  30  km  are  12,  30  to  40  km  are  4,  40  to  50  km  are 
2  and  >  50  km  are  only  2,  thus  making  upto  a  total 
of  365  lineaments  in  all.  The  Hemavathi-  Tirthahalli 
mega-lineament  with  a  length  of  about  190  kms  is 
prominently  seen  on  the  image.  This  is  the  longest 
of  the  lineaments  in  the  area.  The  other  major  linea¬ 
ments  in  the  area  are  (1)  Yagachi  -  49  kms  (2)  Vedavathi 

-  50  km  (3)  Tunga  -  33  km  (4)  part  of  Shimsa  -  38 
km  (5)  and  pari  of  Cauvery  -  40  km  (Fig.1). 

The  rose  diagram  of  lineaments  having  !ength<  10  km 
i.e  minor  lineaments  showed  the  prominent  direction 
between  N85°E  -  S85°E.  The  next  prominent  direction 
is  N45°  -  55°E  (Figure-2a)  whereas  I  he  rose  diagram 
of  lineaments  with  length  10-20  km  has  two  prominent 
directions  (1)  N85°E  -  S85°E  (2)  N15°  -  25°W  (Figure-2b). 

The  rose  diagram  of  major  lineaments  i.e  having  length 
>20  km  clearly  showed  that  the  prominent  direction 
is  N23'  -  33-W.  The  other  prominent  direction  is  N75° 

-  85°E  (Figure-2c).  The  rose  diagrams  gave  clear  picture 
about  the  orientation  of  lineaments  in  the  area.  The 
major  lineaments  have  prominent  trend  almost  parallel 
to  the  west  coast,  whereas  the  minor  have  their  promi¬ 
nent  trend  in  the  E-W  direction.  The  Hemavalhi-Tirtha- 
halli  mega-lineament,  Yagachi,  Tunga  major  lineaments 
and  one  set  of  lineamenls  with  10-20  km  length  are 
almost  parallel  to  the  west  coast.  The  study  of  rose 


diagrams  of  major  (  >  20  km)  and  intermediate  (10-20 
km)  lineaments  gives  a  clear  idea  that  majority  of 
these  lineaments  have  a  trend  almost  parallel  to  the 
west  coast.  Especially  the  Hemavathi-Tirthahalli  mega¬ 
lineament  with  a  length  of  about  190  km  is  running 
almost  parallel  to  the  west  coast.  It  is  inferred  that 
all  these  might  have  developed  because  of  the  major 
West  Coast  Fault. 

The  direction  of  west  coast  in  general  is  NNW-SSE. 
The  presence  of  faulting  along  the  west  coast  has  been 
discussed  by  many  geologists.  They  believe  that  the 
p«5pnrn*npni  nf  i ho  Wcstsrrs  Ghstc  pcrc!!c!  with  thp 
Malabar  coast  has  been  formed  by  faulting  (Wadia, 
1975).  The  dislocation  might  have  been  in  the  nature 
of  step-faults.  Step-faulting  will  explain  the  three 
different  levels,  viz.  the  Deccan  Table  land,  the  coastal 
plain  (often  of  rocky  surface)  and  the  submarine  shelf, 
and  the  two  linking  steep  slopes  -  the  scarped  face 
of  the  Ghats  and  the  cliff  line  at  the  shore  (Ahmad, 
1972).  Between  Ratnagiri  and  north  of  Bombay  there 
are  a  series  of  hot  springs  along  a  straight  line  parallel 
to  the  coast,  which  shows  that  they  are  located  on 
a  line  of  fracture.  These  facts  on  the  land  support 
the  view  that  the  coast  is  faulted  (Krishnan,  1956). 

The  north  and  northeastward  drift  of  Indian  plate  is 
engineered  by  the  accretion  of  plate  margin  at  the 
Mid-Indian  Ocean  Ridge  where  the  current  growth  rate 
at  various  sites  have  been  estimated  to  be  1  to  3  cm/yr 
(l_e  Pichon,  1968).  During  the  Early  Tertiary  period, 
possibly,  there  was  an  imbalance  in  the  accretion  - 
shortening  process,  whereby  the  rate  of  plate  growth 
exceeded  the  rale  of  crustal  shortening.  The  "regional 
upwarp"  (Radhakrishna,  1967)  or  "monoclinal  flexure" 
(Subramanyan  and  Kirankumar,  1985)  or  doming  (Subrah- 
manya,  1985)  in  the  west  coast,  can  be  attributed  to 
the  imbalance  in  the  accretion  -  shortening  process 
during  the  northward  translation  of  the  Indian  plate. 

Increasing  accumulation  of  tectonic  stress  in  the  zone 
of  upwarp  must  have  led  to  the  development  of  a  major 
fault  culminating  in  Western  Ghats  as  upthrown  block 
and  west  coast  as  the  down  thrown  block  (Ravindra 
and  Krishna  Rao,  1987).  Studies  carried  out  using  geo¬ 
physical  data  also  showed  the  presence  of  faulting 
along  the  west  coast  (Chandrashekharam,  1985). 

The  Hemavathi-Thirlhahalli  mega-lineament  might 
have  developed  during  the  west  coast  faulting.  This 
lineament  with  considerable  length  and  almost  parallel 
orientation  to  the  west  coast  indicates  thal  it  might 
have  formed  as  a  sympathetic  fraclure/fault  (?)  to 
the  West  Coast  Fault.  There  are  some  other  sympathe¬ 
tic  major  lineaments  such  as  Yagachi  and  Tunga.  A 
good  number  of  other  lineaments  are  also  parallel  to 
the  coast.  This  parallel  trend  clearly  indicates  that 
these  lineaments  have  developed  due  to  a  single  tectonic 
activity.  Majority  of  these  lineaments  may  be  frucluies, 
but  some  may  be  faults.  A  number  of  streams/rivers 
follow  these  fractures.  Hemavathi  River,  Sole  Abbur 
Halla  (tributary  of  Cauvery),  Sanivar  Sante  Hole,  Bilaha 
Halla  (tributaries  of  Hemavathi)  and  tributaries  of 
Tunga  run  along  this  mega-lineament.  The  mega-linea¬ 
ment  extends  from  slightly  above  Tirthahalli  to  below 
Piriyapatna.  Tirthahalli  falls  within  this  lineament  and 
Hemavathi  is  the  major  river  running  along  this  linea¬ 
ment  and  so  it  has  been  called  as  Hemavathi-Tirthahalli 


mega-lineament.  The  mega-lineament,  is  prominently 
seen  all  along  on  the  image  except  in  some  parts. 

Between  1967  &  1977  about  100  earthquakes  (86  in 
Koyna  area  alone)  of  intensity  '6'  or  above  on  Mercalli 
scale  have  been  recorded  in  the  SouLhern  Peninsula. 
Most  of  these  have  been  found  to  occur  in  the  vicinity 
of  NNW-SSE  to  NW-SE  trending  mega-lineaments.  This 
indicates  that  a  moderate  to  high  seismic  activity  has 
been  widely  spread  in  the  area.  The  proximity  of  this 
activity  to  mega-lineaments  again  indicates  that  some¬ 
time  or  the  other  they  have  been  reactivated  (NRSA, 
1981).  So  the  Hcma.aliii-Tirihahaiii  megaiineament 
should  also  be  examined  to  know  its  seismic  status. 

When  correlated  with  Geological  and  Mineral  Map  of 
the  area  (1:500,000  scale,  GSI,  1981)  some  mineral 
locations  (eg.  Magnesite)  are  seen  to  be  along  this 
lineament.  The  potential  of  this  mega-lineament  in 
mineral  and  ground  water  resource  is  to  be  explored. 
Whether  the  lineament  is  a  fault  or  fracture  has  to 
be  confirmed  by  field  check.  Other  mega  and  major 
lineaments  should  also  be  studied  in  detail  Lo  understand 
the  Lectonics  and  structure  of  the  area. 

CONCLUSIONS 

0  The  synoptic  view  provided  by  the  satellite  image 
helped  in  delineation  of  mega-lineament  and  other 
lineaments. 

0  The  Hemavathi-Tirthahalli  mega-lineament  might 

have  developed  during  the  West  Coast.  Fault  period. 

The  coast  parallel  trend  and  the  length  are  the 
factors  favouring  the  above  inference. 

0  The  occurrence  of  a  number  of  Mega,  Major  and 
Minor  lineaments  indicate  that  the  area  is  tectoni¬ 
cally  disturbed. 

0  As  most  of  the  earthquakes  (between  1967  &  77) 
in  Southern  Peninsula  occurred  in  the  vicinity  of 
NNW-SSE  to  NW-SE  trending  mega-lineaments, 
the  Hemavathi-Tirthahalli  mega-lineament  should 

be  studied  lo  understand  its  seismic  status. 

0  The  potential  of  the  mega-lineament  for  ground 

water,  mineral  and  engineering  geological  applica¬ 
tions  can  be  fruitfully  studied. 
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AES TPJh^'T 

The  Rouyn-Beauchastel  property  lies  in  the  southern 
part  of  the  Abitibi  volcanic-sedimentary  belt  within 
the  Superior  Structural  Province  of  northern  Quebec. 

Various  geological  and  geochemical  maps  were  digit¬ 
ized  using  an  ARC/INPO  GIS  system  and  were  trans¬ 
ferred  and  registered  to  both  Landsat  Thematic  Map¬ 
per  (TM)  and  SPOT  images.  The  resultant  geological 
map  was  used  as  a  reference  theme  file  to  detect  the 
usefulness  of  enhancements  performed  on  both  raw 
Landsat  TM  and  SPOT  data  for  delineation  of  struct¬ 
ural  features. 

Enhancements  were  performed  to  highlight  image 
lineaments.  The  detected  linears  were  transferred 
to  the  ARC/INFO  environment  and  were  integrated  with 
the  existing  geologic  theme  files  to  produce  an 
updated  interpretive  geological  map. 

More  than  thirty  mjor  lineaments  were  mapped.  Most 
of  these  linears  coincided  with  known  faults  or 
lithological  contacts;  however,  six  lineaments  had 
not  been  detected  previously.  Specifically,  a 
number  of  newly  depicted  northwest  and  northeast 
trending  lineaments  and  their  intersections, 
deserve  further  study  because  mineralization  in  this 
area  often  occurs  in  this  type  of  structure. 

KEY  WORDS:  Rouyn-Beauchastel  property,  lineament 
detection,  GIS/RS  database,  TM  and  SPOT  imagery 

INTRODUCTION 

The  Rouyn-Beauchastel  property  is  located  in  the 
Abitibi  region  of  northern  Quebec  (figure  1)  and  is 
centered  in  the  Rouvn-Noranda  mining  camp.  The 
property  lies  in  the  southern  part  of  the  Abitibi 
volcanic-sedimentary  belt  within  the  Superior 
structural  province.  Numerous  granitic  and  gabbrroic 
intrusions  have  been  observed  in  this  Archean 
assemblage  which  are  occasionally  unconformally  over- 
lain  by  the  Huronian  sedimentary  sequence.  The 
Archean  basement  has  been  cut  by  numerous  faults  and 
fractures  developed  durina  various  eDisodes  of 
deformation  (Duplessis,  1987). 

This  study  was  conducted  in  support  of  geologic 
investigations  by  Groupe  Conseil  DOZ  Inc.  in  the 
Rouyn-Beauchastel  property  (Gravelle,  1988) .  The 
main  objective  of  this  study  was  to  detect  and  map 
lineaments  and  other  structural  features  by  inte¬ 
grating  information  residing  in  a  geographic  inform¬ 
ation  system  (GIS)  with  the  geologic  data  derived 


Figure  1  -  location  of  Study  Area 
(after  Duplessis,  1987) 


from  digital  image  processing  of  Landsat  TM  and 
SPOT  satellite  imagery. 

PROCEDURE 

Various  geological  and  geochemical  maps  were 
digitized  using  an  ARC/INPO  GIS  system  resulting 
in  a  composite  geological  map.  This  composite 
map  was  then  transferred  and  registered  to  both 
Landsat  TM  and  SPOT  gecmetrically  corrected  images. 
The  geological  map  was  then  used  as  a  reference 
theme  file  that  was  displayed  over  numerous  enhanced 
images. 

Landsat  TM  data  provided  the  spectral  sensitivity 
while  SPOT  data  added  detailed  resolution.  The 
Landsat  TM  data  with  30m  resolution  was  then 
registered  to  the  SPOT  data  with  10m  resolution. 
Figure  2  is  an  enhanced  example  of  TM  data  covering 
the  entire  study  area  while  figure  3  is  a  SPOT 
image  of  the  southwest  portion  of  the  study  area 
indicating  resolution  details  of  the  two  data  types. 
An  example  of  SPOT  to  TM  registration  is  shown  in 
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figure  4,  which  coincides  with  the  location  of 
figure  3.  This  image  is  slightly  blurred  as  a 
result  of  the  registration  process,  however  it 
contained  greater  spatial  and  spectral  details 
ccmpared  to  each  satellite  image  alone. 

Enhancements  such  as  look-up  tables,  principal 
components,  Martin-Taylor  and  filtering  were  per¬ 
formed  using  a  DIPIX/ARIES  image  analysis  system  to 
highlight  image  lineaments.  Directional  filtering 
proved  to  be  one  of  the  better  enhancement  tech¬ 
niques  used  to  identify  lineaments.  Figure  5  shows 
an  example  of  a  NW  directional  filter  of  Tl-l  band  7. 

The  lineaments  identified  during  the  various  enhance¬ 
ment  techniques  were  outlined  and  classified  as 
theme  files  in  the  DIPIX/ARIES  environment  and  trans¬ 
ferred  to  the  ARC/INFO  GIS  environment.  The  linears 
were  integrated  with  the  existing  geologic  theme 
file  and  an  updated  interpretive  geologic  map  was 
produced  for  the  Rouyn-Beauchastel  Property 
(Figure  6) . 

INTERPRETATION 

Over  30  major  lineaments  or  groups  of  lineaments 
were  identified  and  mapped.  Gravelle  (1988) 
identified  each  lineament  by  a  number  on  the  result¬ 
ing  map  (figure  6)  and  examined  its  relationship 
with  known  geological  information.  Due  to  the 
limitation  of  space,  each  lineament  cannot  be  dis¬ 
cussed  in  detail  in  this  paper.  However,  an  attempt 
is  made  to  provide  generalized  information  in 
respect  to  geologic  characteristics  and  significances 
of  these  lineaments  based  on  the  interpretation  of 
GIS/RS  database  aided  with  the  existing  geologic 
information  which  was  reviewed  as  an  integrated  map 
layer. 

The  following  is  a  brief  description  of  these 
lineaments: 

Nineteen  lineaments  detected  could  or  associated 
with  known  geological  structures  (faults  or  shear 
zones)  or  related  lithological  contacts. 

Seven  other  lineaments  appeared  to  indicate  the 
continuation  of  mapped  faults  or  shear  zones. 

Two  lineaments  were  found  to  correspond  with 
geochemical  and  geophysical  data  examined  in  this 
investigation.  However,  these  lineaments  were  not 
mapped  on  the  existing  geologic  map  (Duplessis,  1987) . 

Six  lineaments  detected  in  this  investigation  were 
not  previously  mapped.  These  are  anticipated  to  be 
of  structural  origin  or  stratigraphic  nature  and 
deserve  ground  truthing  and  further  geological 
investigation. 


detected.  These  included  newly  depicted  northwest 
and  northeast  trending  lineaments  and  their  inter¬ 
section  with  other  lineaments,  which  are  signifi¬ 
cant  structures  for  emplacement  of  minerals  in  this 
property. 

Gravel le's  (1988)  work  was  entrusted  to  Groupe 
Conseil  DOZ  Inc.  to  verify  the  exact  geologic 
nature  of  newly  identified  lineaments  and  determine 
target  localities  suitable  for  conducting  trad¬ 
itional  geological  investigations  for  mineral 
exploration. 
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CONCLUSIONS 

A  geographic  information  database,  supported  by 
digital  image  processing  of  TM  and  SPOT  imagery, 
provide  sri  ability  to  trsnetor  conventions )  imp 
data  to  an  image  analysis  system  and  extract  per¬ 
tinent  geologic  information. 

This  included  the  detection  of  structural,  stratl- 
graphical,  and  geochemical /geophysical  relationships 
which  were  previously  known.  However,  it  was  con¬ 
cluded  that  a  number  of  structural  units  previously 
napped  in  this  area  could  be  extended;  as  well,  a 
number  of  newly  identified  lineaments  could  be 
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ABSTRACT 

The  satellite  imagery  direct  observation  can  display 
lineaments  which  are  parallel  or  sometimes  juxtaposed  v/ith 
faults  inf ered  from  geophysical  data  (  aeronagn5ti3m  , 
gravimetry  ,  seismic  )  and  detailed  geologic  aurvey 

This  paper  present  a: .  study  of  the  evaluation  of 
selected  earthquake  -  prone  areas  in  Vietnam 

The  data  from  the  images  of  the  satellites  ; 

LA5DSAT  ,  SCYU2  (  SPOT  ...  and  from  th  aerial  photo  was 
analysed  to  find  out  the  elements  of  tectonic  such  as  s 
lineament  system  ,  faulted  system  ,  folded  system  ,  the 
geological  bounder! es  ... 

Using  the  models  •no.tkonatiquo  and  computer  ,  to 
dofino  the  major  clenent-of-Tect.ouic  s  the^-major  "systems  , 
and  their  directions 

Using  the  results  of  geophysical  data  processing  , 

the  major  characteristics  of  geophysical  fiolds  of  the 

tectonic  units  of  Vietnam  C  the  magnetic  field  ,  the 

«  s 

gravity  enomaly  fiolds  ,  the  distribution  of  the  seismic 
focus  ar.i  epicenters  ,  the  deep  geological  structures  ) 

Basing  on  Remote  sensing  data  analysis  ,  geophysical 
data  processing  and  data  synthesis  ,  to  find  out  :  the  e 
evaluation  of  selected  Earthquake  -  prone  Areas  in  Vietnam 
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ABSTRACT 

Since  1984,  INTERA's  STAR  synthetic  aperture  radar  (SAR) 
systems  have  provided  high  resolution  radar  imagery  in  digital  form. 
INTERA  has  been  motivated  to  develop  the  capability  to  perform  all 
steps  inecessary  in  the  production  of  image  mosaics  in  the  digital 
domain.  These  include  radiometric  corrections,  geo-referencing  of 
the  imagery  by  registering  to  a  map  projection,  and  the  seaming  of 
image  strips  together.  These  operations  are  collectively  referred  to 
as  digital  mosaicing.  In  a  recent  development,  data  are  logged  from  a 
Global  Positioning  System  (GPS)  receiver  on-board  the  STAR 
aircraft  and  referenced  to  ground-based  GPS  data,  making  it 
possible  to  compute  "virtual"  ground  control  points  which  substitute 
for  those  normally  obtained  from  existing  maps. 

This  paper  describes  the  elements  of  INTERA's  digital  mosaicing 
technology,  including  the  corrections  applied,  seam  selection  and 
geo-referencing  techniques,  and  data  management 

Keywords:  SAR,  Digital  Mosaicing,  GPS,  Geo-referencing. 

1.  INTRODUCTION 

Airborne  radar  images  have  been  used  for  thematic  mapping 
purposes  for  two  decades.  Typically,  the  imagery  has  been 
presented  in  the  form  of  film  products  or  "analogue  mosaics"  in 
which  the  film  strips  are  fitted  together,  cut  and  warped,  in  a  manner 
similar  to  air  photo  mosaic  production.  High  resolution  digital 
synthetic  aperture  radar  (SAR)  image  data  acquired  by  the  INTERA 
STAR  system  were  originally  used  in  SAR  mosiac  production  by 
initially  transforming  the  data  into  film  products  and  then  treating 
these  in  analogue  fashion.  However,  there  are  significant 
improvements  that  can  be  made  by  doing  most  of  the  processing  in 
digital  format  before  returning  to  a  final  hard  copy  output. 
INTERA's  capability  to  produce  digital  SAR  mosaics  includes  steps 


to  perform  radiometric  corrections,  geo-referencing  and  the  seaming 
together  of  image  strips  all  on  a  digital  image  processing  system. 

The  rationale  for  digital  mosaicing  includes: 

1)  Improved  preservation  of  radar  image  resolution  and 
dynamic  range,  compared  to  the  multi-stage  analogue  process, 
resulting  in  a  sharper  looking  final  image  product  which  retains 
more  of  the  original  information. 

2)  Controlled  radiometric  corrections  can  be  applied,  providing 
a  smooth  visual  transition  from  one  image  strip  to  the  next  in  the 
mosaic  by  balancing  across  a  strip  and  by  matching  from  strip  to 
strip. 

3)  Seams  that  can  be  made  virtually  invisible. 

4)  Geometric  warping  can  be  mathematically  defined  and  the 
accuracy  determined  by  residual  error  analysis. 

5)  This  technology  can  be  easily  adapted  -or  the  use  of 
imagery  which  has  been  fully  rectified  (i.e.  with  all  terrain 
displacement  effects  having  been  corrected). 

6)  The  technology  has  excellent  compatibility  with 
development  leading  toward  automated  processing. 

2.  STAR  DIGITAL  SAR  DATA 

STAR  SAR  data  are  acquired  on-board  the  STAR  aircraft  in  digital 
format  and  are  recorded  on  a  high  density  digital  tape  (HDDT)  at 
4096  8-bit  bytes  per  scan  line.  The  scan  line  is  either  a  46  km  swath 
(with  approximately  4.2  m  by  11.6  m  pixels)  or  a  23  km  swath 
(with  approximately  4.2  m  by  5.8  m  pixels).  The  data  are 
preprocessed  in  flight  to  translate  slant  range  to  ground  range.  Flight 
line  spacing  typically  allows  for  60%  overlap  of  the  flight  lines.  The 
STAR  system  is  described  in  detail  in  Nichols  et  al.  (1986). 

Post-flight  data  processing  of  the  46  km  swath  width  data  averages 
three  scan  lines  to  12.6  m  by  1 1.6  m  pixels  and  provides  transcibed 
data  from  the  HDDT  to  CCT's  in  preparation  for  input  to  the  digital 
image  processing  system. 
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3.  DIGITAL  MOSAIC  PRODUCTION 

The  area  to  be  mosaiced  typically  covers  an  area  the  equivalent  of  a 
1 :250  000  scale  map  quadrangle  which  in  the  mid  latitudes  covers 
about  110  km  east-west  by  80  km  north  south  (1*  latitude  by  2* 
longitude).  If  flight  lines  arc  flown  in  an  east- west  orientation  (with 
either  all  north-looking  or  all  south  looking),  approximately  six  lines 
will  cover  the  required  area.  For  a  north  south  orientation 
approximately  eleven  flight  lines  will  cover  the  area.  With  the 
approximately  1 2  m-  pixels  each  flight  line  will  be  almost  9800 
records  in  length,  resulting  in  approximately  440  Mbytes  data  input 
and  160  Mbytes  data  output  (with  60%  overlap  of  the  flight  lines). 
Therefore,  a  major  problem  encountered  in  the  implementation  of 
digital  mosaicing  is  the  management  of  this  tremendous  data 
volume.  Since  these  quads  must  be  produced  at  a  commercially 
competitive  rate,  significant  demands  are  placed  on  hardware  and 
software  processing  speed,  system  storage  and  data  transfer  capacity 
and  the  operational  interface. 

3.2  Confections  Applied 

Initial  processing  on  the  digital  mosaicing  system  (Dipix  ARIES  III) 
consists  of  replacing  any  dropped  lines  by  averaging  or  duplicating 
adjacent  scan  lines  of  data.  This  cosmetic  correction  retains  the 
geometric  fidelity  of  the  data.  Next,  radiometric  corrections  are 
applied  to  each  flight  line  to  account  for  the  across-track  intensity 
fall-off  which  is  inherent  in  the  radar  image.  At  die  same  time  the 
mean  is  shifted  to  allow  for  a  better  distribution  of  the  data  across 
the  8-bit  grey  scale,  optimizing  the  dynamic  range  of  die  digital  data. 
A  control  image  strip  is  selected  which  best  represents  the  terrain  in 
the  area  being  ntosaiced.  Statistics  are  gathered  for  a  sample 
rectangle  in  the  control  strip  and  the  new  mean  and  standard 
deviation  for  the  distribution  are  selected  based  or.  the  r/pe  of  terrain 
which  has  been  imaged  and  SAR  data  processing  standards 
recommended  by  the  Canada  Centre  for  Remote  Sensing  (CCRS) 
(Wessels,  1987).  For  STAR  data  acquired  with  a  gain  setting  of 
one,  the  appropriate  mean  ranges  from  55  to  65  on  the  0-255  grey 
scale,  with  a  standard  deviation  of  approximately  24,  as  derived 
from  the  following  relation: 


mean 

standard  deviation  =  - - 

v/#  of  looks 

where  the  STAR  system  has  7  looks.  The  correction  based  on  the 
sample  rectangle  is  applied  to  the  entire  image  and  statistics  are 
output  for  matching  rectangles  in  the  area  of  overlap  for  adjacent 
strips.  Radiometric  corrections  are  applied  and  statistics  output 
sequentially  for  all  strips  in  a  mosaic  except  in  cases  where  a 
specified  mean  and  standard  deviation  arc  applied  to  all  strips.  This 
can  be  justified  if  the  data  set  is  relatively  consistent  across  die  strips 


(ie.  there  is  little  variation  in  the  type  of  terrain  and  cover  imaged)  as 
it  reduces  the  computation  time  requirements  considerably. 

3.3  Gmund-Control  and  Resampling 

In  the  situation  where  good  map  coverage  exists  (for  example,  in 
most  of  North  America),  each  strip  can  be  registered  to  the  ground 
by  selecting  ground  control  points  identifiable  on  both  the  image  and 
the  corresponding  map.  These  are  often  man-made  features  such  as 
bridges  or  road  intersections  which  return  a  strong  signal  on  the 
radar  image  and  arc  easy  to  pin-point  on  the  maps.  The  concept  of 
spatial  warping  (Pratt,  1976)  is  applied  through  a  second  order 
polynomial  transform.  This  is  calculated  and  applied  to  the  images 
in  a  cubic  convolution  resampling  algorithm.  The  result  is  that  the 
image  strips  are  all  in  a  common,  absolute  coordinate  system,  and 
are  ready  for  seam  selection  and  mosaicing  which  is  described  in 
detail  below. 


In  areas  without  good  existing  map  coverage  or  where  registration 
of  individual  strips  to  maps  cannot  provide  the  level  of  positional 
accuracy  required,  an  alternative  approach  is  taken.  Individual  image 
strips  are  registered  one  to  the  next  by  selecting  a  master  image, 
establishing  an  origin  which  can  accommodate  all  the  data  with 
positive  coordinates,  and  identifying  common,  or  homologue  points 

in  adjacent  images.  The  distribution  of  points  is  best  when  the  area 
of  overlap  is  spanned  from  comer  to  comer,  '.a  a  pattern  resembling 
a  braced  quadrilateral.  The  adjacent  images  are  then  resampled  to  fit 
the  master  image  (which  is  not  resampled  at  this  stage),  using 
first-order  polynomial  transformations  derived  from  the  homologue 
points.  A  resampled  image  then  becomes  the  master  image  as  the 
next  adjacent  image  is  registered  to  fit  it  (see  Figure  1).  Each  image 
is  resampled  into  the  common,  relative  coordinate  system 
established  by  the  first  master  image  strip. 


(master  strip) 

12  3  4 


- ■■ 

transformation  r 
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beyond  overlap 
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Figure  !.  Image- to-image  registration 
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The  selection  of  a  first-order  polynomial  transformation  is  based  on 
experimentation  with  first  and  higher  order  transformations.  The 
area  of  overlap  between  any  two  adjacent  images  is  limited  to  60  %, 
and  the  image  strips  are  long  and  narrow,  but  of  approximately  even 
length.  This  results  in  good  control  over  scaling  and  rotation  in  the 
along-track  (azimuth)  direction,  but  a  narrow  band  of  control 
across-track  (in  the  range  direction).  The  transformation  must  be 
extrapolated  to  the  area  beyond  the  narrow  area  of  control  in  the 
overlap  between  the  two  image  strips.  Inconsistencies  at  the  data 
acquisition  stage  complicate  the  image-to-image  registration  by 
introducing  along-track  variations  in  the  strip  geometry  related  to 
aircraft  motion  compensation,  crabbing,  drift  and  other  factors. 
These  variations  in  the  data  would  be  better  handled  by  higher  order 
polynomial  transformations,  but  the  higher  order  terms  introduce  a 
greater  degree  of  warping  in  the  area  beyond  the  overlap  between 
two  images.  The  first  order  polynomial  transformation  minimizes 
this  warping  and  therefore  contributes  to  control  across  the  entire 
mosaic  area  as  the  warped  image  is  used  as  the  master  image  for 
registering  the  adjacent  strips  in  the  sequential  build-up  of  resampled 
image  strips.  The  net  result  is  a  compromise  in  the  registration  of 
any  two  image  strips,  but  a  better  fit  of  the  final  mosaic  to  ground 
control. 

All  the  image  strips  are  in  a  common  coordinate  system  at  this  stage 
and  can  be  overlaid  to  allow  for  placement  of  the  seams  in  the  areas 
of  overlap.  The  seams  are  located  primarily  within  the  mid-range 
data,  thereby  minimizing  shadow  and  near-range/far-range  signal 
return  differences  due  to  the  different  angles  of  incidence.  The  path 
the  seams  follow  ("meandering  seams"  -  Scott,  1986)  are  intended 
to  minimize  detection  of  the  seams  in  the  final  mosaic  and  are 
defined  using  an  algorithm  which  allows  for  the  greatest  flexibility 
in  dealing  with  registration  offset.  Seam  files  are  generated  which 
take  data  from  image  A  to  the  left  of  the  seam,  and  data  from  image 
B  to  the  right  of  the  seam  line  (see  Figure  2). 

data  from  A  data  from  B 


< - >< - > 


Figure  2.  Seam  Selection 


The  various  components  of  a  final  mosaic  are  tiled  together  using  a 
first-in-wins  algorithm,  with  seam  files  laid  down  prior  to  the 
resampled  image  strip  files.  The  complete  mosaic  is  then  ready  for 
image-to-ground  registration,  using  existing  map  information,  and 
incorporating  supplementary  survey  information  (eg.  from  Doppler 
survey  points  with  locations  identifiable  on  the  radar  imagery).  The 
final  resampling  is  performed  with  pixels  output  to  12  metres 
square,  using  a  cubic  convolution  routine  with  the  second-order 
polynomial  derived  from  the  ground  control  points  and  according  to 
a  specified  map  projection.  The  digital  radar  image  mosaic  is  ouput 
on  CCT  for  lasar  plotting  and  final  print  production  at  a  selected 
scale,  much  like  a  semi-controlled  photo  mosaic.  No  correction  has 
been  applied  to  account  for  relief  displacement  effects  wh<ch  result 
in  ground  targets  being  displaced  by  an  amount  proportional  to  the 
target  height 

4.  VIRTUAL  GROUND  CONTROL  WITH  GPS 

In  a  recent  development  a  more  refined  mosaic  product  has  been 
introduced  which  incorporates  positioning  information  made 
available  through  the  Global  Positioning  System  (GPS). 
Conventional  STAR  data  acquisition  is  done  with  Inertial  Navigation 
System  INS  navigation  on-board  the  aircraft.  This  system  is 
inherently  subject  to  drift  problems  that  increase  with  mission 
duration.  INS  errors  are  typically  described  by  a  sinusoid  of 
increasing  amplitude  and  an  84  minute  Schuler  period.  The  ability 
to  register  adjacent  image  strips  acquired  in  this  fashion  is  therefore 
influenced  by  the  performance  of  the  INS. 

With  the  introduction  of  GPS  data,  positioning  information  for  the 
radar  image  strips  is  greatly  improved.  The  data  are  logged  from  a 
GPS  receiver  located  on-board  the  STAR  aircraft  and  normally  are 
referenced  to  correlated  ground-based  GPS  data  (differential  mode). 
With  precise  aircraft  navigation  data  and  a  model  of  the  radar 
process  it  is  possible  to  compute  "virtual"  ground  control  points 
which  substitute  for  those  normally  obtained  from  existing  maps. 
This  is  particularly  relevant  where  existing  maps  arc  unavailable  or 
unreliable. 

The  GPS  data  are  acquired  on  board  the  aircraft  simultaneously  with 
the  SAR  image  acquisition.  Annotation  data  on  the  SAR  image  is 
correlated  to  the  GPS  data  providing  the  geographic  position  for  a 
specified  line  and  pixels  on  the  SAR  image.  Computations  take  care 
of  all  errors  except  the  displacement  of  a  feature  due  to'its  height 
above  the  terrain.  Corrections  that  must  be  made  to  the  position  data 
are: 

(a)  Accurate  computation  of  the  cross  track  distance  to  the  required 
pixel.  The  GPS  gives  an  accurate  height  above  sea  level,  whereas 
previously  altitudes  have  been  the  pressure  altitudes  used  in  aircraft 
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navigation.  In  the  tropics  it  is  possible  to  have  up  500  metres 
difference  between  the  "barometric"  and  true  height  above  mean  sea 
level.  The  true  height  has  a  considerable  impact  on  the  true  cross 
track  distance  to  each  pixel. 

(b)  Alone  track  error  due  to  the  long  term  drift  angle. Short  term 
deviations  from  the  planned  flight  are  compensated  for  in  the  STAR 
motion  compensation  system.  Deviations  with  time  scales  of  several 
minutes  cannot  be  removed  by  the  internal  motion  compensation 
system.  The  net  result  is  that  imagery  is  displaced  in  the  along  track 
direction.  It  can  be  correctly  positioned  using  "long  term  drift 
angle"  data, 

(c)  Range  dependent  delay.  This  is  a  delay  present  in  the  SAR 
processing  and  is  dependent  on  the  range  of  the  target.  It  causes  a 
displacement  of  the  image  in  the  along  track  direction.  Since  the 
processing  delays  are  known,  the  image  may  be  restored  to  its 
correct  location. 

With  this  information,  the  positions  corresponding  to  several  pixels 
on  a  specific  scan  line  arc  determined  at  regular  intervals  along  the 
flight  line,  and  input  to  a  ground  control  file  in  the  digital  mosaicing 
system.  These  locations  are  referred  to  as  "virtual  ground  control 
points"  (GCPs).  The  image  is  resampled  as  before  into  an  absolute 
coordinate  system  and  specified  map  projection,  using  the  low-order 
polynomial  transform  derived  from  the  "virtual"  GCPs.  The 
positional  accuracy  of  the  warped  image  is  greatly  improved  as  a 
result  of  the  number  and  excellent  distribution  of  the  "virtual" 
ground  control  points.  Misregistration  between  two  adjacent  images 
resampled  in  this  manner  is  minimized  and  seam  selection  is 
improved  accordingly. 

This  method  of  using  GPS  as  the  prime  navigation  system  on 
standard  SAR  surveys  is  not  always  economical  at  this  time  because 
of  the  restricted  window  of  operation  due  to  limited  access  to  the 
GPS  satellite  constellation.  As  GPS  coverage  improves  with  the 
launch  of  more  satellites,  it  is  expected  that  it  will  be  possible  to  use 
GPS  as  the  prime  navigation  system  on  standard  SAR  surveys.  The 
result  will  be  better  registration  of  adjacent  image  strips  as  warping 
of  the  flight  lines  will  be  reduced. 


5.  CONCLUSIONS 

Digital  mosiacing  techniques  for  synthetic  aperture  radar  imagery 
greatly  improve  the  quality  of  the  output  products  by  preserving  the 
radar  image  resolution  and  dynamic  range,  controlling  radiometric 
imbalance  by  matching  grey  levels  from  strip  to  strip  and  by  making 
seams  that  are  virtually  invisible.  Geometric  warping  is 
mathematically  defined  and  controlled  through  input  of  ground 
control  which  can  be  adapted  to  conditions  and  availability  of 
relevant  information.  Output  products  can  be  produced  at  various 
scales,  taking  full  advantage  of  the  high  resolution  of  the  original 
digital  SAR  data.This  digital  mosaicing  technology  is  used  in  a 
production  environment  and  continues  to  be  refined  to  improve  the 
efficiency  and  accuracy  attainable.  The  use  of  GPS  to  replace  the 
need  for  GCP  input  further  broadens  utility  and  accuracy  of  the 
product.  Future  developments  in  automated  image  processing  will 
serve  to  complement  these  techniques  and  will  further  improve  the 
production  of  digital  mosaics  from  SAR  image  data. 
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1.  Abstract 

The  German  Aerospace  Research  Establishment  DLR  in  Oberpfaffen 
liulen  is  currently  establishing  a  User  Support  and  Operation  Center 
(LSOC)  lor  data  processing  support  of  the  upcoming  space  application 
piojects,  mainly  in  the  field  of  remote  sensing  First  clients  of  this  center 
«ill  be  the  ERS-1  and  X-SAR-Projects,  where  DLR  will  act  as  a  Process 
ing  and  Archiving  Facility  (PAF). 

In  the  framework  of  these  projects,  modern  technology  will  be  intro¬ 
duced  to  build  up  a  new  flexible  data  processing  infrastiucture.  The  basic 
elements  are  standardized  UNIX  workstations  interconnected  via  Ether- 
net-TCP/IP,  forming  a  powerful  computing  network. 

These  workstations  are  scaled  to  serve  a  large  variety  of  different  applica¬ 
tions,  such  as  control  of  data  reception,  data  base  applications,  orbit  de¬ 
termination,  SAR  processing  and  geocoding  as  well  as  interactive  data 
analysis  Especially  for  image  processing  the  configurations  selected  range 
from  low-cost  diskless  machines  up  to  superminis  with  number  crunching 
capabilities,  32  bit  depth  real  colour  display  and  animation  features. 

To  reach  the  needed  performance,  the  workstations  are  supplemented 
with  embedded  special  purpose  processors  which  provide  the  hardware 
environment  for  a  new  image  processing  software  In  preparation  of  the 
expected  EOS-data  streams  and  in  order  to  meet  the  requirements  for 
real  time  processing  and  for  the  generation  of  new  products,  new  hard¬ 
ware  add-on-modules  are  integrated  and  a  modern  powerful  software 
package  is  under  development. 

Requirements,  basic  concept  and  current  activities  at  DLR  will  be  pre¬ 
sented. 

Keywords: 

Operational  Processing  Systems.  Image  Processing  Hardware,  Image 
Processing  Software,  Standards,  EOS-Systems,  ERS-1  PAF, 

2.  Introduction 

In  the  past  much  effort  was  spent  to  define  payloads  and  missions  of  a 
future  operational  Earth  Observation  System  (EOS)  based  on  polar  plat¬ 
forms.  These  platforms  are  scheduled  by  the  american,  japanese  and 
european  space  agencies  for  the  mid  to  end  of  the  90's. 

Obviously,  the  sensor  segment  represents  only  one  element  of  an  opera¬ 
tional  end-to-end  system.  An  other  is  the  data  end  user,  whose  require¬ 
ments  as  to  amount,  quality  and  flexibility  of  data  are  growing  rapidly. 
ti>»  'nte'lace  be'ween  space  segment  and  data  user  is  covered  bv  the 
payload  ground  segment,  consisting  of  data  receiving,  data  processing 
and  archiving/  distribution  components.  This  paper  will  especially  address 
the  authors  views  of  the  needs  and  manageable  solutions  for  this  essential 
element  of  the  data  chain.  Basically,  the  physical  /  technical  possibilities 
and  restrictions  must  be  made  compatible  to  a  wide  range  of  different 
user  requirements. 

As  the  most  predominant  data  set,  regarding  both  amount  and  processing 
implications,  remote  sensing  image  data  and  their  future  treatment  by 
image  processing  workstations  is  refered  to  in  this  article.  Hardware  and 


software  requirements  and  torseen  realization  concepts  will  be  shown. 
Experience  in  the  integration  of  the  presented  scenario  is  currently 
gained  by  DLRs  Applied  Data  Systems  Division,  responsible  for  the  Ger 
man  part  of  the  Processing  and  Archiving  Facilities  (PAF)  for  ERS-1 
and  SIR-C/X-SAR.  A  quite  elaborate  system  for  data  processing  will  be 
provided  by  this  basic  Infrastructure,  In  order  to  handle  SAR  data  for 
different  sensors  in  terms  of  processing,  validating,  geocoding  and  image 
interpretation  as  well  as  orbit  data  compulation  and  special  sensor  data 
generation  (PRARE  in  case  of  ERS-1). 

h  will  be  shown,  how  the  requirements  of  EOS  data  handling  can  be 
covered  by  the  current  PAF  implementation. 

3.  Data  Processing  Requirements  for  EOS 

To  discuss  the  items  in  a  more  general  context,  the  term  EOS  shall  not  be 
restricted  to  the  polar  platforms  of  NASA,  ESA  and  NASDA,  but  is  ap¬ 
plied  with  respect  to  the  general  scenario  of  remote  sensing  satellites  dur¬ 
ing  the  last  decade  of  this  century. 

Although  technological  developments  are  moving  to  on-board  real-time 
processing  for  SAR  sensors,  precision  products  need  a  more  flexible  ap¬ 
proach  in  image  generating,  based  in  the  ground  segment.  Therefore,  raw 
SAR  data  are  expected  to  be  one  of  the  major  contributors  to  the  data 
volume.  While  optical  data  only  need  a  geometric  and  radiometric  cor¬ 
rection  for  image  visualization,  SAR  holographic  raw  data  must  be  treated 
in  a  very  complex  computational  manner  prior  to  the  further  evaluation 
for  remote  sensing. 

In  addition  to  the  enormous  amount  of  raw  data,  the  various  stages  of 
data  enhancement  put  a  further  load  to  the  ground  processing  systems, 
both  in  computing  power  and  archive/  access  capabilities. 

Furthermore,  some  EOS  sensors  and  related  applications  will  require 
real-time  or  near  real-time  processing  to  ensure  on-site  monitoring  of 
environmental  changes.  In  order  to  monitor  environmental  changes,  an 
enormous  quantity  of  data  sets  has  to  be  archived.  Finally,  during  the 
EOS  era,  there  is  an  Increased  need  for  handling  the  data  collected  by 
different  sensors  not  as  individual  entities.  On  the  contrary,  satellite  re¬ 
mote  sensing  has  to  be  understood  as  integral  view  of  our  earth's  surface, 
under  various  physical  conditions. 

The  issue  therefore  is  the  corregistration  of  different  sensor  data  among 
each  other  or  with  geo-based  raster  or  vector  data.  An  important  step 
towards  corregistration  is  georeferencing  and  geocoding,  aspired  as  stan¬ 
dard  data  lormat  for  EOS  lor  all  kinds  of  sensor  products.  The  huge 
amount  of  data  sets  from  the  sensors  or.  one  side  and  the  challenging  user 
data  products  on  the  other  side  will  lead  to  requirements  concerning 
hardware  and  software  for  an  EOS  image  processing  ground  system: 
a.  Utilization  of  standard  hardware,  peripherals  and  software  as  far  as 
possible  to  make  use  of  the  revolutionary  technogical  development  in 
order  to  cope  with  the  enormous  throughput  Issue  and  to  reduce  the 
costs  for  update  and  maintenance. 
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b.  Utilization  of  a  standard  operating  St  stem  and  standard  programming 
languages  tu  gujiantee  portability  of  code  to  advanced  ltardtvare  sulu 
turns  Tins  also  includes  a  caieful  documentation  and  development  of 
S\\  according  to  common  S\V  engineering  standards 

c.  Incorporation  ol  special  processing  hardware  to  meet  the  throughput 
requirements  lor  ynew>  real-time  processes  or  special  data  interlaces. 

d.  Long  term  storage  media  with  short  access  times  or  on-line  random 
access  possibilities  for  archiving  data  and  products. 

e  Communication  between  different  processes  and  systems  to  ensure  ex 
change  of  data  and  control  information,  including  the  possibilities  of 
lelescience 

f.  Flexible,  versatile  operator  interfaces  to  control  and  maintain  complex 
processes.  For  image  processing,  this  means  visualisation  tools  for  many 
kinds  of  different  digital  image  data. 

For  most  applications  ol  the  EOS-era.  the  requirements  stated  above  can 
be  met  by  a  modular,  ol-the-shelf  available  system  of  distributed,  dedi¬ 
cated  workstations.  Their  specifications  will  be  presented  in  the  next 
chapters. 

4.  EOS  Workstation  Hardware  Concepts 

The  term  'workstation-  defines  a  wide  range  of  computing  equipment, 
from  PCs  to  super-mini  computers  Their  basic  concept  is  that  computing 
and/or  interaction  intensive  jobs  are  dedicated  to  one  appropriately 
scaled  machine  which  therefore  is  optimized  in  hardware  and  peripher¬ 
als 

Wlule  simple  text  processing  and  I/O  can  be  managed  by  a  PC-like  work¬ 
station.  SAR  processing  for  instance  must  be  installed  on  a  super-mini 
supported  by  special  hardware.  The  analysis  of  this  workstation-concept 
shows,  that  even  number  crunching  applications  can  have  a  belter  price/ 
performance  ratio  on  workstations  than  on  super-mainframe  computers 
(figure  I) 


Fig  I.:  Price/Performance  ratio  for  computers  (Modified  from  Dongarra, 
1987) 

The  example  mentioned  above  leads  to  the  conclusion,  that  workstations 
could  be  the  flexible  tool  to  cope  with  EOS  image  processing.  Worksta¬ 
tions  can  cover  a  wide  range  of  performance  (measured  in  'Millions  of 
Instructions  per  second'  or  MIPS  and  'Millions  of  Floating  Point  Opera¬ 
tions  ner  9ecnnrl  or  MFI  OP^  having  ih«  potential  to  ypgvgrle  main 
memory  and  disk  capacity,  to  add  special  hardware  via  standard  bus-sys¬ 
tems  or  interfaces  and  finally  interconnection  to  other  workstations  to 
build  a  distributed  processing  system  with  belter  performance  than  a  large 
scale  computer.  Especially  image  processing  workstations  require  the  pos¬ 
sibilities  for  raster  and  vector  data  visualization  and  a  powerful  man/ma- 
chine  interface. 

To  avoid  that  these  requirements  lead  to  incompatible,  inhomogenous 
hardware  solutions,  some  basic  standards  for  the  main  components  have 
to  be  considered  and  accordingly  adapted  to  future  concepts.  These 
hardware  standards  are  depicted  in  figure  2  and  explained  as  follows: 


a.  Central  Processing  Unit 

The  avahihly  of  modern  processing  languages  like  C  have  fortunately 
promoted  the  use  of  higher  programming  Instructions  rather  than  As¬ 
sembler  coding.  Fortunatelly,  this  development  is  supported  by  the  de 
facto  standard  UNIX  operating  system  for  nearly  all  used  types  of  work 
stations  Therefore,  the  application  soltware  should  easily  be  portable  to 
different  type  CPUs,  assuming  well  documented  source  code  and  the 
appropriate  compiler  are  available.  Practically,  distributed  processing 
systems  should  concentrate  just  on  a  few  different  CPUs  to  ease  main¬ 
tainability  As  the  development  of  CPUs  is  going  towards  Reduced  In¬ 
struction  Set  Computers  (RISC)'  and  other  new  technologies,  the  per¬ 
formance  with  now  at  least  10  MIPS  and  more  than  1  MFLOP  will 
increase  accordingly. 

b.  Bus  System  and  Special  Processors 

A  standard  bus  system  is  one  of  the  most  stringent  requirements  for  a 
workstation  Although  manufactures  tend  to  integrate  the  whole  set  of 
basic  computer  functions  on  a  main  board  (CPU,  memory,  terminal. 
LAN,  etc  ),  special  peripheral  high  data  rate  and  co-processing  devices 
shall  be  connectable  via  a  bus.  One  of  the  busses  best  supported  pres¬ 
ently  is  the  VME-bus  ('Virtual  Memory  Extended'),  with  a  large  vari¬ 
ety  of  devices  like  array  processors,  image  display  peripherals,  data  for¬ 
matters  and  I/O  device  controllers,  that  can  be  plugged  into  the  system. 

c.  Network  and  Interfaces 

Data  and  control  information  exchange  between  different  workstations 
in  a  system  is  provided  by  a  Local  Area  Network  (LAN).  Recent  devel¬ 
opments  support  Ethernet  with  TCP/IP  protocol  as  the  most  widespread 
installation  (10  Mbps).  Ongoing  developments  will  support  optical  net¬ 
works  with  about  100  Mbps  as  a  high  data  rate  backbone  (FDDI  = 
Fiber  Distributed  Data  Interface).  Special  software  like  NFS  (Network 
File  System)  additionally  guarantees  the  transparent  share  of  disks  and 
devices  within  the  network. 

Disks  shall  be  connected  via  SCSI  (Small  Computers  System  Interface) 
or  SMD  (Storage  Module  Drive)  or  their  derivatives.  Recent  develop¬ 
ments  are  going  towards  higher  data  rates  (>4  MBytes/sec)  and  in¬ 
creased  control  functions  of  SCSI. 

d.  Data  Display  Systems  and  Man/Machine  Interface 

A  common  trend  in  workstation  terminal  technology  is  the  utilization  of 
high  resolution  (approx.  IK  *  IK  pixel)  bit  mapped  displays  with  color 
features.  These  screens  offer  multi  window  environment  and  graphical 
menue  representations. 

Especially  tor  satellite  image  data  visualization  display  systems  have  to 
provide  at  least  8— bit  depth  colors  (256  out  of  16  million).  Preferably, 
24  bit  ROB  true  color  should  be  used.  Appropriate  for  true  color  dis¬ 
play  and  for  many  applications  is  the  integration  of  image  processing 
boards,  which  provide  additional  processing  power  and  number  crunch¬ 
ing  capabilities.  These  boards  shall  be  compatible  with  the  workstations 
bus  system  (e.g.  VME-bus). 


Fig  2  •  Hardware  layout  of  a  basic  image  processing  workstation 
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5.  EOS  Workstation  Software  Concept 

As  shown  in  the  previous  chapter,  a  network  of  distributed,  dedicated 
workstations  can  be  used  to  fulfil  ibe  computational  tasks  within  an  EOS 
ground  data  processing  system.  Obviously,  as  far  as  the  price/perform¬ 
ance  ratio  is  increasing,  the  cost  for  software  becomes  significantly  higher 
in  comparison  to  the  hardware.  Tilts  will  especially  be  true,  if  the  design 
and  integration  of  application  software  do  not  follow  certain  software  en¬ 
gineering  aspects  and  common  standards. 

A  distributed  system  supporting  dozens  of  different  projects  and  used  by 
different  groups  of  engineers,  easily  becomes  unmanageable,  if  each  part 
of  software  is  integrated  within  a  different  S\V  environment.  Additionally, 
this  would  be  contradictionary  to  the  EOS  requirement  of  system  inter¬ 
operability. 

The  interoperability  and  exchange  of  information  can  be  realized,  it  the 
software  system  consists  of  a  set  of  different  layers  or  shells,  beginning 
from  the  application  nienue  and  going  down  to  the  kernel  functions  of 
the  processor  A  link  between  systems  can  be  establisheded  with  two 
common  parts  of  shells  (interface  driver)  and  software  can  be  trans 
formed  from  one  machine  to  the  next  higher  comparable  shell  of  another 
machine. 

As  allready  mentioned,  an  operating  system  which  extensively  supports 
this  shell  concept  is  UNIX  with  its  derivatives.  UNIX  is  supported  by 
most  workstation  manufacturers  Some  major  aspects  of  SW  shells  are 
staled  below- 

a.  UNIX  -  Operating  System  Kernel 

These  basic  shells  cover  hardware  of  the  specific  implementation  and 
serve  UNIX  system  routines  UNIX  implementations  are  available  from 
PC  to  super-mainframe  computer  and  arc  standard  (or  the  workstation 
domain.  Despite  slight  differences  in  various  UNIX  implementations, 
application  systems  can  be  transformed  easily,  if  they  are  based  on 
UNIX. 

b.  Communication  Drivers 

The  network  communication  SW  concept  itself  consists  of  a  set  of  dif¬ 
ferent  standardized  layers.  In  the  following,  special  emphasis  will  be  pul 
on  the  flexible  application  layer  NFS  (Network  File  System).  NFS  is 
widely  implemented  (even  on  non-unix  systems)  and  guarantees  trans¬ 
parent  access  to  data  and  programms  between  linked  machines.  This 
allows  a  number  of  workstations  to  share  a  common  data  base,  a  special 
peripheral  device  or  to  exchange  control  status  information  in  a  com¬ 
plex  processing  system. 

c.  Programming  Languages 

Because  UNIX  itself  is  written  in  C.  this  programming  language 
(Walker,  1984)  is  a  standard  for  each  UNIX  implementation.  Espe¬ 
cially  critical  interface  control  structures  can  easily  be  transfered  to 
othe-  machines  if  written  in  C. 

The  need  for  structured  programming,  easy  software  maintenance  and 
new  object  oriented  programming  made  ADA  a  new  standard  in  pro 
gramming.  especially  for  spaceflight  applications  (Pyle,  1981). 

Besides,  other  programming  languages  like  FORTRAN  77  and  Pascal  or 
LISP  and  Prolog  are  available  on  many  UNIX  implementations.  They 
should  be  chosen  where  applicable. 

d.  Application  Systems 

Although  a  wide  range  of  different  sensor  raster  images  will  be  pro¬ 
duced  by  EOS.  some  common  requirements  in  image  processing  are 
obvious  for  most  data  sets.  Operational  image  processing  can  be  subdi¬ 
vided  in  specific  tasks,  which  can  often  be  computed  by  pipelined  mod 
ules.  To  meet  the  requirements  for  interoperability  and  flexibility  in 
EOS  image  data  processing  it  is  therefore  recommended  to  use  modify- 
able  and  exchangeable  image  processing  building  block  with  a  standard 
application  shell,  rather  than  to  design  a  new  end-to-end  system  for 
each  sensor.  Systems  for  image  processing  (Wharton,  1988),  Geo¬ 
graphic  Information  Systems  (GIS  World,  1988)  and  Data  Base  Man¬ 
agement  (ORACLE,  1986)  are  available,  but  must  carefully  be  obeyed 
with  respect  to  flexibility,  maintainability  and  throughput  power. 

e.  User  Front  Ends 

User  front  ends  for  image  processing  applications  arc  olten  integrated  m 
image  processing  application  systems  as  refered  to  above.  Unfortu¬ 


nately,  there  is  no  commonly  supported  hardware  or  software  standard 
in  raster  or  image  data  display  up  to  now.  Portability  of  this  software  is 
very  complicated  and  often  implies  completely  new  coding. 

Standards  in  graphics  such  as  GKS  (Graphical  Kernel  System)  and  for 
window-systems  in  multiprocessing  environments,  such  as  ’X-Windows’ 
and  'Look-and-Feel1  are  more  and  more  anticipated  and  will  hopefully 
be  supported  by  all  manufacturers  of  workstations  (Kannegaard,  1988). 

The  standardization  of  remote  sensing  data  formats  is  tackled  by  some 
international  organisations  Especially  for  SAR  the  CEOS  (Committee 
for  Earth  Observing  Satellites)  agreed  to  support  a  common  'family' 
formal  for  the  forthcoming  SAR  sensors. 


6.  The  Processing  and  Archiving  Facility  for 
SAR  Data  at  DLR 

The  hardware  and  software  requirements  for  EOS  image  processing  sys¬ 
tems,  described  in  this  paper  have  widely  been  adopted  to  the  design  of 
the  German  Processing  and  Archiving  Facility  (PAF)  located  ad  DLR  in 
Oberpfaffenhofen.  The  workstation  concept  is  realized  for  all  data  proc¬ 
essing  functions. 

Figure  8  gives  an  overview  of  the  workstations  envolved  in  the  ERS-I 
PAF.  Approx.  SO  workstations  are  already  installed,  most  of  them  as 
target  installations  for  the  PAF.  The  distinct  function  of  all  major  ele¬ 
ments  of  the  PAF  is  discussed  elsewhere  (Gredel,  1989).  Here,  we  want 
to  describe  the  geocoding  system  (GEOS)  which  is  basically  adaptable  to 
other  sensor  requirements  due  to  its  general  image  processing  capability. 
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Fig  3.:  Overall  workstation  installation  at  DLR  ERS-1  PAF 


As  nearly  all  parts  of  the  PAF,  the  geocoding  system  consists  of  SUN 
workstations.  The  software  development  and  data  base  (unctions  are 
hosted  on  SUN-3  WS,  whereas  the  image  processing  functions  are  inte¬ 
grated  on  SUN-4  WS  (figure  4). 


Fig  4  -  Workstation  HW  of  the  Geocoding  &  Image  Processing  System 
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The  Server  Workstation  (SWS)  hosts  the  data  bases  needed  for  geocod¬ 
ing  (Elevation  Model,  Ground  Control  Points)  and  provides  the  disk  stor¬ 
age  capacity  for  the  diskless  Software  Engineering  Workstations 
(SEWS)  These  SEWS  serve  as  the  engineers  text,  graphics,  software  de¬ 
velopment  and  test  tool.  Major  parts  of  the  software  can  be  tested  and 
compiled  on  these  SEWS  and  easily  be  transfered  to  the  target  machines. 

The  Interface  and  Control  Workstation  (ICWS)  is  especially  suited  to 
perform  the  data  I/O  to  the  optical  disks  (AOD)  which  are  used  as  ar¬ 
chive  media  and  to  control  and  monitor  the  tasks  performed  on  the 
Product  Workstations  (PWS). 

The  Product  Workstations  (PW'S)  are  the  workhorses  for  image  process¬ 
ing.  In  principle  all  tasks  of  SWS,  SEWS  and  ICWS  can  be  handled  by 
the  PWS.  Intentionally,  these  tasks  are  separated  to  ensure  flexibility  and 
to  optimize  operational  production. 

A  typical  PWS  is  integrated  on  the  basis  of  a  powerful  SUN-4  worksta¬ 
tion.  equipped  with  enough  main  memory  (at  least  32  MBytes)  and  sufli- 
dent  disk  capacity  for  operational  purposes  (for  ERS-1  geocoding:  at 
least  IGByte). 

Each  PWS  is  equipped  with  a  color  monitor  for  interactive  operation  and 
image  display.  To  speed  up  the  image  processing  tasks,  a  ’Transcept  Ap¬ 
plication  Accelerator’  (TAAC-1)  is  integrated,  adding  8  MByte  of  data/ 
image  memory  and  approx.  12  MFlop  to  the  system.  Digitizers  and  image 
quick  look  facilities  complete  this  image  processing  system,  suited  for 
SAR  data  geocoding. 

The  Software  Concept  is  based  upon  the  UNIX  operating  system 
(SUNOS  4.X)  and  the  NFS  features.  The  latter  ensures,  that  the  data 
read  and  written  by  ICWS  are  transparently  accessable  by  PWS  and  that 
reference  data  hosted  by  SWS  can  be  used  by  PWS  as  if  the  appropriate 
data  disks  are  directly  connected  to  the  image  processing  workstation. 
As  throughout  the  whole  PAF,  ORACLE  is  used  for  data  base  implemen¬ 
tations.  The  image  processing  software  shell  UPSTAIRS  -  a  product  of  a 
DLRs  working  group  (Klein+Stekl.  1988)  -  is  used  for  integration  of  ap¬ 
plication  tasks.  The  kernel  of  UPSTAIRS  is  mainly  written  in  C,  thus  it 
takes  only  1  day  to  transfer  the  whole  system  (approx.  100  MB  of  exe- 
code)  from  SUN-3  to  SUN-4  systems. 

Most  image  processing  application  modules  of  UPSTAIRS  are  written  in 
FORTRAN,  (intentionally  from  the  first  in.egration  of  UPSTAIRS  on 
DEC-VAX  computers)  though  C  or  other  programming  languages  are 
possible.  Upgraded  features  of  UPSTAIRS  allow  to  utilize  the  system 
both,  as  operational  batch  production  tool  and  as  highly  interactive  image 
processing  system  for  scientific  analysis. 
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7.  Conclusions 

We  have  presented  our  ideas  concerning  the  requirements  for  flexible, 
operational  image  processing  systems  for  the  EOS  era.  It  was  pointed  out 
that  the  need  for  standards  in  hardware  and  software  is  mandatory. 
Computing  systems  which  are  most  likely  adequate  to  cope  with  EOS  data 
requirements  are  workstations.  Nearly  all  manufactureres  providing  work¬ 
stations  apply  common  hardware  standards  and  support  portable  software 
applications  by  using  the  UNIX  operating  system.  It  can  be  expected  that 
the  performance  of  processor  hardware  on  one  hand  and  of-lhe-shelf 
hardware  boards  on  the  other  hand  will  increase  accordingly  to  guarantee 
adequate  EOS  era  image  processing. 

DLR  is  currently  integrating  such  a  processing  system  (or  SAR  data, 
based  on  a  workstation  concept.  Due  to  the  experience  derived  there¬ 
from  and  due  to  recent  developments  on  the  computer  market  we  are 
well  prepared  to  meet  the  requirements  of  the  satellite  data  processing  of 
the  90s. 
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ABSTRACT 

An  Image  Processing  Work  Station  "  Satellite  Image 
Processing  System  "  (SIPS)  for  the  interactive  analysis  of 
remotely  sensed,  multi-spectral  satellite  aircraft  data  has  been 
developed  successfully. 

The  basic  display  processor  features  an  image  refresh 
memory  in  which  the  multi -band  image  data  to  be  analysed  is 
stored  (upto  4  bands)  in  4  planes  of  IK  x  IK  pixels  of  eight  bits 
resolution  each.  The  selection  of  any  band  data  from  4  memory 
planes  to  be  input  to  the  Red,  Green,  Blue  colors  is  possible. 
There  are  three  graphic  planes  of  IK  x  IK  pixels  each  for 
overlaying  the  text-annotation  or  any  graphic  information  like 
boundaries  etc  on  image  data.  Any  area  of  512  x  512  pixels  from 
the  storage  can  be  displayed  on  the  high  resolution  color 
monitor.  A  trackball  controlled  cursor  is  provided  for 
annotation  insertion,  graphics  &  training  set  entry.  The 
trackball  is  also  used  for  panning  and  zooming  of  the  images.  A 
micro  computer,  Micro  PDP  11/23  with  10MB  Winchester  disk, 
floppy  drives  and  a  terminal  is  used  on  the  display  controller. 

Special  care  was  exercised  in  system  design,  specifically 
the  software,  for  easy  interaction  and  user  friendliness.  The 
User  interaction  is  completely  menu  driven  and  self  explanatory 
with  on-line  HELP  facility.  This  helps  the  uninitiated  user  to 
easily  familiarize  himself  and  use  the  system  with  minimal 
training. 

The  display  is  programmed  to  operate  in  Black  &  White, 
False  Color  or  Color  Sliced  modes  for  raw  data.  It  can  also 
display  classified  data  in  assigned  colors.  Various  image 
processing  algorithms  are  implemented  on  this  system  which 
provides  the  capability  for  this  work  station  to  be  used  as  a 
stand  alone  image  processing  work  station.  Based  on  the  selection 
of  the  training  sets,  supervised  classification  can  be  carried 
out.  Histogram  generation  and  plotting, computation  of 
statistical  parameters  etc  are  also  provided  for.  Image 
enhancements  using  various  techniques  are  realised  by  generating 
appropriate  Look  Up  Tables  (LUTS)  and  loading  into  the  hardware 
for  easy,  quick  on-line  enhancements.  Ratioing,  principle 
component  analysis  etc  can  also  be  performed  on  this  work 
station. 
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The  system  can  be  used  either  in  stand  alone  mode  or  as  an 
intelligent  terminal  to  a  'Host'  computer  system.  In  the  stand 
alone  mode  of  utilization,  the  ‘data’  input  can  be  through  a 
'floppy'  disk  or  a  magnetic  tape(CCT).  Regional  Remote  Sensing 
Centres  in  India  will  be  using  this  SIPS  work  station  as  an  image 
analysis  terminal  to  the  VAX  11/780  based  system  through  an  inter 
processor  link  to  Micro  PDP.  When  used  thus,  the  data  could  be 
transferred  through  the  'Host'  via  the  link  and  the  image 
analysis  carried  out,  'Off-line'  on  SIPS.  The  result  of  the 
analysis  could  be  transferred  back  to  the  'Host'  computer  for 
further  analysis  or  for  storage. 

This  work  station  has  been  developed  at  the  NRSA  laboratory 
and  the  technology  transferred  to  an  Indian  Small  Scale  Industry 
for  productionization.  The  industry  has  completed  the  development 
of  the  prototype  which  has  been  successfully  tested  and  evaluated 
by  an  expert  team.  The  production  units  are  being  fabricated. 
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DIGITAL  PHOTOGRAMMETRIC  WORKSTATIONS 


P.  Lohmarm 


Institute  for  Photogrammetry  and  Engineering  Surveys 
University  of  Hannover 


Abstract 

Due  to  recent  developments  in  the  field  of  sensor  and 
computer  technology  it  seems  now  realistic  to  develop 
systems  for  the  integration  of  photogrammetry, remote 
and  GIS.  The  paper  shows  the  design  and  development  of 
such  a  system,  which  was  based  on  a  commercially 
available  image  processing  system.  The  system  includes 
a  stereo  display  for  the  stereoscopic  image  data  and 
three-dimensional  graphics  which  might  be  generated  by 
operator  measurements  or  filed  in/out  to  a  geographic 
information  system.  Measurement  and  orientation  pro¬ 
grams  as  well  as  a  package  (hard-  and  software)  for 
digital  correlation  and  orthophoto  production  are  part 
of  the  system.  All  operations  are  callable  by  soft 
menus  on  the  stereo  display  using  an  optical  mouse. 
Some  first  results  obtained  with  this  kind  of  photo- 
grammetric  workstation  are  presented.  While  the  pre¬ 
sented  system  design  was  very  much  depending  on  stand¬ 
ard  image  processing  hardware  and  components,  new 
hardware  developments  in  computer  technology  show, 
that  processing  power  of  super  computers  will  be 
available  on  graphic  workstation  level.  Available 
hardware  components  for  stereo  display,  digital  image 
storage,  fast  image  access  and  computing  power  of  some 
graphic  workstations  are  presented.  Transputer  array 
technology  and  parallel  processing  of  image  data  via 
parallel  implementation  of  algorithms  on  these  arrays 
permits  even  very  time  consuming  tasks  such  as  image 
correlation  to  be  performed  in  near  real  time. 


1.  INTRODUCTION 

The  development  of  instruments  in  the  field  of  photo¬ 
grammetry  in  the  last  century  was  characterized  by 
three  phases.  The  first  phase  was  the  establishment  of 
analog  instruments  being  capable  of  measuring  in  ana¬ 
log  photographs  and  producing  line  maps.  This  era  of 
avoiding  computations  by  opto-mechanical  instruments 
was  followed  by  the  so-called  analytical  instruments, 
where  still  the  images  remained  of  analog  type  but  the 
measurements  and  components  of  these  type  of  instru¬ 
ments  can  be  characterized  as  being  computer  assisted. 
Oue  to  recent  developments  in  the  field  of  computer 
technology  and  because  of  the  increasing  importance  of 
high  resolution  digital  images  the  integration  of  digi¬ 
tal  image  processing  techniques,  remote  sensing  and 
photogranmetry  becomes  possible.  As  an  example  some 


prototypes  of  digital  photogrammetric  workstations 
(DPW)  have  been  developed  in  the  last  few  years.  The 
characteristics  and  advantages  of  such  slystems  in  com¬ 
parison  to  analytical  instruments  can  be  expressed 
(Ref.  1  and  2)  by  the  following  items: 

-  no  need  for  high  precision  opt-mechanical  parts 

-  robust  measurement  system 

-  stable  image  geometry 

-  automatic,  semi-automatic  or  manual  operation 

-  high  degree  of  interactivity 

-  data  acquisition,  storage  and  processing  in  one 
system 

-  on-line  and  real-time  capabilities 

-  direct  three-dimensional  graphic  superimposition 
possibilities 

-  possible  use  as  data  acquisition  and  processing  in¬ 
struments  in  GIS 

Recognizing  decreasing  hardware  costs,  the  possible 
advantages  of  such  systems  for  the  processing  of  digi¬ 
tal  images  are  the  increase  in  accuracy,  the  high  de¬ 
gree  of  automation,  yielding  in  a  faster  availability 
of  the  results.  A  classification  of  the  existing  sy¬ 
stems  shows  the  existance  of  three  major  groups: 

-  Custom  build  systems,  which  are  of  great  functional 
ty  and  have  a  high  performance,  bute  are  generally 
very  expensive. 

-  Systems  based  on  conventional  image  processing  sy¬ 
stems,  where  image  processing  functions  may  be  di¬ 
rectly  used,  but  which  generally  have  a  lack  of 
openess  with  respect  to  hard-  and  softv/are  expan¬ 
sions. 

-  Modular  systems,  which  are  open  with  respect  to  the 
integration  of  hard-  and  software  and  generally  can 
be  considered  very  flexible,  but  which  require  a 
high  effort  in  developing  adequate  user  interfaces 
and  data  management  software. 

An  overview  of  the  existing  systems  is  shown  in  Table 
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SYSTEM 

NAME 

REFERENCE 

Custom  build 
Systems 

MATRA  TRASTER  T10N 

DCCS 

Euget,  Vigneron 
1988  (Ref.  7) 

Case  1982  (R.  18) 

Mixture  of 
Image  Proc.  & 
Custom  build 

KERN  DSP  1 

CONTEXT  MAPPER 

Cogan,  Gugan  1988 
(Ref.  9) 

Lohmann  et  al . 

1988  (Ref.  3) 

Image  Proc. 

GOULD  DE  ANZA 

DIPIX  ARIES  II 

KONTRON  IPS  68 K 
l2s  Model  75 

Alberts,  Koenig 
1984  (Ref.  10) 

El  Hakim,  Havet- 
lock  1986  (R.  11) 
Gruen  1986  (R.  12) 
Gugan,  Dowman 

1986  (Ref.  13) 

Modular 

Systems 

DIPS  II  (SUN  3/110, 
MAXVISION) 

Sev.  SUN  based 
Systems 

Gruen  1988 
(Ref.  1) 

Dowman  et  al . 

1987  (Ref.  14) 

Mixture  of 
Custom  Build 
&  Modular 

TOPCON 

DCCS 

Helava  1987 
(Ref.  15) 

Table  1:  An  overview  of  existing  digital 
photogrammatric  systems 


2.  THE  DEVELOPMENT  OF  A  DIGITAL  PHOTOGRAMMETRIC 
WORKSTATION:  THE  CONTEXT  MAPPER 

2.1  System  description 

In  designing  a  photogrammetric  woikstation  one  has  to 
consider  three  major  tasks,  which  a  system  should  be 
able  to  work  on  (see  Fig.  1): 
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Figure  1:  The  CONTEXT  MAPPER  System 
-  MONOPLOTTING 

Monoplotting  means  a  map  revision  system  where  digi¬ 
tized  aerial  photography  or  satellite  imagery  is 
transformed  to  the  relevant  map  projection  system 
and  scale,  taking  elevation  differences  into  account. 
An  example  for  map  revision  is  shown  in  Fig.  2 
(Ref.  4). 


Figure  2:  Map  revision  using  the  CONTEXT  MAPPER 
digital  stereo-plotter 

-  STEREOPLOTTING 

Stereoplotting  enables  the  three-dimensional  eva¬ 
luation  of  stereoscopic  image  pairs,  automatical  or 
operator  assisted  with  the  ability  of  stereo  view¬ 
ing  of  the  model.  In  the  current  prototyp  this  is 
realized  with  two  image  processing  displays  being 
viewed  by  a  stereoscope  with  free  roaming  images 
and  fix  floating  marks.  The  operation  of  the  work¬ 
station  is  controlled  with  a  mouse  and  pop  up  menus 
(Ref.  3).  Some  of  the  main  features  of  the  stereo 
workstation  are: 

-  Stereo  viewing 

-  Handling  of  arbitrary  image  sizes 

-  Real  time  zoom  and  roam 

-  Sub-pixel  measurement  possibility 

-  Vast  set  of  photogrammetric  orientation,  adjust¬ 
ment  and  compilation  software 

-  Enhancement  and  feature  extraction  on-line 

-  Automatic  DEM  generation  (correlation) 

-  Superimposition  of  3-D  graphics 

-  On-line  editing 

-  IMAGE  RECTIFICATION 

Any  images  or  maps  in  the  system  may  be  transferred 
to  any  projection  system.  If  a  digital  elevation 
model  (DEM)  is  introduced  orthogonal  projections  in 
any  coordinate  system  can  be  resampled.  The  mosaic- 
ing  software  enables  the  user  to  produce  orthophoto 
maps  from  a  series  of  adjacing  photographs  or  satel¬ 
lite  scenes. 

Beside  these  three  main  tasks  a  variety  of  input  and 
output  routines  for  images,  DEM,  maps  and  other  data 
are  existing.  An  interface  for  the  ESRI  Arc/Info  geo¬ 
graphic  information  system  has  been  developed  to  ex¬ 
port  map  data  from  the  GIS,  superimpose  the  graphics 
to  the  images  or  in  3-D  to  the  stereo-model,  revise 
the  data  and  import  it  back  to  the  GIS. 

The  workstation  is  based  on  a  commercially  available 
image  processing  system  G0P302  from  TERAGON/CONTEXT 
AB.  The  host  processor  consists  of  a  SUN  3/60  super¬ 
visor  processor  with  a  20  MHz  MC  68020  DPU  and  68881 
floating  point  coprocessor  running  under  UNIX  4.2  op¬ 
erating  system.  Special  processors  like  the  GOP  (Gene¬ 
ral  Operator  Processor)  for  fast  complex  filtering 
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and  correlation  and  the  GTP  (Geometric  Transfrom  Pro¬ 
cessor)  for  fast  geometric  transformations  and  re¬ 
sampling  can  be  accessed  via  the  VME  bus  of  the  sy¬ 
stem.  Two  identical  display  control  units  (DCU)  based 
on  a  MC68000  processor  with  a  RAM  memory  of  1  Mega 
pixel  (20bit),  a  display  window  of  512  x  512  pixel  and 
a  real  time  operating  kernel (M0DULA2)  controlling  the 
images  as  well  as  on-line  image  processing  functions 
are  part  of  the  system.  Due  to  the  limited  size  of  the 
display  window,  two  DCU 1 s  have  been  selected,  each 
controlling  one  color  monitor.  Both  monitors  are  as¬ 
sembled  in  one  cabinet  and  looked  at  with  a  mirror 
stereoscope.  Because  of  the  lack  of  DOVE  prisma,  the 
images  have  to  be  resampled  to  epipolar  geometry, 
which  is  being  done  using  the  high  speed  GTP.  The  con¬ 
trol  of  the  image  movement  in  x,  y,  z  and  the  selec¬ 
tion  of  processing  functions  is  done  via  a  three- 
button  optical  mouse.  Digital  elevation  data  (DEM)  can 
be  automatically  generated  by  the  use  of  digital  cor¬ 
relation  implemented  on  a  specific  filter  processor 
(GOP).  An  example  is  shown  in  Figure  3. 


Figure  3:  Overlay  of  contour  lines  as  correlated 
by  the  outomatic  DTM-generator 


3.  DESIGN  CONSIDERATIONS  FOR  FUTURE  SYSTEMS 

As  referenced  in  the  introduction  the  development  of  a 
DPW  based  on  a  standard  image  processing  hardware  is 
restricted  in  many  ways,  because  in  most  cases  the 
standard  hardware  architecture  of  image  processing 
systems  does  not  meet  all  operational  requirements  of 
a  DPW.  Three  critical  components  will  be  looked  at  in 
more  (iot-ail  in  thp  following  sections 

3.1  The  display  system 

For  precise  measurement  and  operator  comport  the  fol¬ 
lowing  parameters  should  be  looked  at  during  the  se¬ 
lection  phase  of  the  monitor(s)  (see  Ref.  1): 

-  Good  brightness 

-  High  picture  clarity  and  contrast 

-  Defocussing  convergence 

-  Flicker 

-  Reflection  glare 


-  Pixel  non-linearity 

A  good  monitor  should  be  flickerfree,  non-interlaced 
and  have  a  refresh  rate  of  more  than  50  Hz.  Examples 
can  be  found,  like  the  SUN  bitmapped  display 
(1150  x  900  pixel),  the  AZURAY  2000/BW  (2048  x  2048 
pixel)  or  the  HITACHI  HM-6219  (2730  x  2048  pixel),  to 
name  just  a  few.  High  resolution  is  desireable  to  have 
a  wide  field  of  view  (FOV).  An  image  digitized  with 
12.5  micr„n  on  a  1024  x  1024  display  gives  only  a  FOV 
of  12.8  x  12.8  mm  compared  to  standard  3  x  3  cm  on 
photogrammetric  instruments.  For  stereo  display,  only 
three  methods  are  currently  considered  to  be  working 
operational,  namely  the  anaglyphic  method,  the  use  of 
stereoscopes  (KERN,  TERAGON/CONTEXT)  and  the  active 
and  passive  polarization  techniques  (TOPCON,  MATRA 
T10N) . 

In  order  to  be  comparable  to  analog/analytical  photo¬ 
grammetric  instruments  a  sub-pixel  measurement  accura¬ 
cy  and  method  should  be  available,  which  can  be 
achieved  either  by  zooming  or  by  performing  an  on-line 
resampling  of  the  image  data.  The  latter  one  implies 
a  high  processor  performance  which  will  be  addressed 
in  chapter  3.3. 

3.2  Memory  and  Data  Transfer  Rates 

In  order  to  have  as  f£w  disc  I/O  as  possible,  which 
will  slow  down  operation  speed,  the  image  RAM  memory 
should  be  as  large  as  possible.  Standard  boards  of  2 
Mbyte  (equivalent  to  8  x  512  x  512  x  8  bit)  are  only 
a  poor  solution.  Working  with  high  resolution  satel¬ 
lite  images  or  digitized  photographs  will  cause  the 
system  to  be  heavily  engaged  in  reloading  images  to 
the  RAM  memory,  while  the  operator  roams  over  the 
entire  image.  This  problem  can  be  overcome  by  the  use 
of  bigger  RAM  boards  or  Real-Time-Video  Discs.  RAM 
boards  in  units  of  16  Mbyte  each  are  available  and  may 
be  extended  up  to  256  Mbyte  (GEMSYS  35  in  KERN  DSP  1). 
There  are  however  even  bigger  RAM's  available  like  the 
ISP1024  from  DVS  (see  Ref.  5),  starting  with  64  Kbyte 
boards  expandable  up  to  16  Gbyte  with  an  internal  data 
rate  at  the  backpanel  bus  of  the  system  of  up  to  480 
Mbyte/sec.  Real-Time-Video-Discs  typically  work  at  a 
speed  of  more  than  10  Mbyte/sec.  High  speed  movement 
of  image  plates  in  photogrammetric  instruments  is  in 
the  order  of  2.5  cm/sec  corresponding  to  a  transfer 
rate  of  4  Mbyte  for  digitized  photograph  at  12.5 
micron.  In  normal  measurement  mode  the  speed  is  only 
2  to  3  mm/sec  corresponding  to  a  transfer  rate  of  1.1 
Mbyte  for  a  1024  x  1024  display. 

3.3  Processor  Speed 

The  total  amount  of  floating  operations  in  the  CONTEXT 
MAPPER  system  during  one  loop  including  the  resampling 
with  bi-1 inear  interpolation  for  sub-pixel  measurement 
of  a  16  x  16  window  around  the  floating  mark  is  in  the 
order  of  8000  Flops,  resulting  in  a  total  of  240.000 
Flops  with  30  cycles/sec  during  normal  measurement.  In 
addition  the  on-line  correlation  and  other  processing 
functions,  especially  if  the  resampling  window  gets 
larger,  demand  a  very  high  processing  power.  Standard 
processors  like  the  MC  68020/68881  as  they  are  used  in 
the  SUN  3  series  computer  offer  a  power  of  3  Mips  or 
7  to  10  Mips  (1.1  Mf 1  ops)  on  the  SUN  4.  Higher  perfor¬ 
mances  can  only  h,  achieved  either  with  special  VLSI 
processors  (see  Ref.  6)  or  by  multiple  processors  com¬ 
puters,  like  the  SUN  TAAC-1  giving  25  Mips  or  12.5 
Mflops  or  the  AT&T's  Pixel  Machine  PXM  900,  a  multiple 
instruction  multiple  data  MIMD  computer  with  a  perfor¬ 
mance  of  up  to  820  Mflops. 

Beside  this  dedicated  processors  the  problem  with  mul¬ 
tiple  processors  on  bus  coupled  systems  is,  that 


133 


adding  more  and  more  processors  on  the  same  bus,  does 
not  linear  increase  the  performance.  From  a  number 
of  4  to  6  processors  on  the  same  bus  on,  the  perfor¬ 
mance  generally  decreases.  This  can  be  avoided  by 
using  bus-less  processors  like  transputers.  The  cur¬ 
rently  available  INMOS  T800  chips  (see  Fig.  4)  give  a 
performance  of  1.5  Mf 1  ops/10  Mips  each. 


Figure  4:  The  INMOS  T800  Transputer  chip 

They  can  be  configured  in  any  number  and  topology 
being  appropriate  for  the  application  and  they  com¬ 
municate  via  so-called  links  giving  a  net  point  to 
point  transfer  rate  of  1.8  Mbyte/sec  for  each  link. 
Arrays  of  transputers  forming  so-called  computing 
clusters  can  be  built  in  different  topologies  by  using 
software  controllable  network  configuration  units. 

They  may  be  used  either  as  an  add-on  on  standard  gra¬ 
phic  workstations  or  as  stand  alone  systems  of  64  up 
to  256  transputers.  A  64  T800  super  computing  cluster 
has  a  performance  of  640  Mips  and  96  Mflops  at  a  price 
of  approximately  250.000  ?.  Parallel  compilers  of 
nearly  all  high  level  computer  langues,  like  C, 
FORTRAN,  PASCAL  and  PROLOG  are  available  as  well  as  a 
variety  of  software  development  tools. 


4.  CONCLUSION 


The  increasing  performance  of  computer  technologies 
has  encouraged  a  number  of  companies  and  researchers 
to  develop  digital  photogrammetric  workstations.  This 
is  a  development  which  can  be  seen  in  the  light  of  the 
increasing  importance  of  precise  digital  image  proces¬ 
sing  of  high  resolution  digital  stereoscopic  images 
for  the  purpose  of  map  production  and  revision. 

Many  of  these  developments  have  been  based  on  stan¬ 
dard  available  general  purpose  image  processing  sy¬ 
stems.  Due  to  the  development  of  very  powerful  new 
processors  and  computer  architectures,  which  have  a 
processing  power  close  to  super-computers,  and  the 
existance  of  adequate  display  and  storage  capacities 
as  well  as  algorithms  and  their  knowledge  based  im¬ 
plementations  it  is  expected  that  these  systems  will 


become  operational  very  soon  and  shorten  the  time  gap 
between  data  acquisition  and  the  availability  of 
results. 
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Abstract: 


Computer  system  overview: 


Enormous  performance  progress  of  computer  systems 
in  the  recent  years  is  the  reason  to  use  more  digital 
map  data.  The  nature  of  digital  image  aqulsltlon 
systems  demands  digital  photogrammetrlc  intruments. 
Since  SPOT  offers  high  accurate  satellite  image  data 
it  does  make  sence  to  use  digital  image  processing 
systems  for  measurement  as  well  as  analysing  pur¬ 
poses. 

The  direct  data  flow  from  a  digital  photogrammetrlc 
aquisition  instrument  to  digital  maps  has  many  ad¬ 
vantages  for  monitoring  and  processing  map  and  other 
information.  Important  features  of  digital  systems 
are  the  possibilities  to  use  fast  prcoessing  units  for 
computation,  Interactive  aquisition  or  update  of  CIS 
data.  On  the  other  hand  the  structure  of  data  flow 
between  components  is  getting  more  complex  and 
needs  therefore  standardization  and  structuring 
within  a  wide  context. 

The  following  paper  presents  aspects  of  realizing  a 
digitial  photogrammetrlc  workstation  considering  the 
environment  of  a  conventional  image  processing 
system  and  GIS  components.  Practical  implementation 
of  such  a  system  was  a  joined  project  with  the 
University  of  Hannover  and  the  image  processing 
company  TERAGON-CONTEXT.  The  system  is  based 
on  a  SUN-  UNIX  machine  linked  with  special  pro¬ 
cessors  for  fast  rectification,  correllation  and  inter¬ 
active  manipulation  of  images.  Data  collected  by  this 
system  can  be  transfered  via  communication  links  to 
a  geographical  information  system.  There  the 
opportunity  is  given  to  add  the  new  Information  to 
existing  data.  Transfering  data  from  a  GIS  to  the 
image  processing  system  offers  the  possibility  to 
compare  existing  data  with  image  information. 

First  experiences  with  the  system  and  future  develop¬ 
ment  perspectives  are  presented. 


The  developed  photogrammetrlc  worstatlon  is  based 
on  the  GOP  302  image  processing  system.  This  system 
consists  of  a  SUN-3  host  running  under  UNIX  4.2 
and  serveral  optional  processors.  Communication 
between  the  processors  Is  realized  by  the  32  bit 
standard  VME  bus  with  a  maximum  transfer  rate  of 
20  megabit/second.  Modular  designed  hardware 
allows  system  configuration  to  particular  needs.  On 
the  software  side  image  processing  tools  and  drivers 
are  available;  programming  of  processors  is  possible 
in  higher  languages  lnstad  of  microcode.  An  overview 
about  the  system  is  given  in  figure  1. 


Figure  1  :  Computer  system  overview 
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Conflict: 

Data  deilved  from  photogi  ammeti  ic  instruments  are 
one  possible  source  for  geographical  Information 
systems  . 

In  a  CIS  many  functions  of  displaying  and  manipulation 
of  vector  information  are  used  and  currently  improved. 
On  image  piocesslng  systems  we  can  find  methods 
of  extiactlng  specific  information  fiom  images. 

CIS-  haidware  Is  normaly  not  considered  to  handle 
raster  information,  image  processing  systems  are 
usually  limited  in  graphics. 

This  conflict  Is  solved  by  communication  of  both 
systems.  Their  advantages  are  used  in  the  following 
way: 

-  Image  processing  system  for  data  aquisition  and 
update 

-  Adding  GIS  components  to  the  image  processing 
system 

-  Networking 

-  GIS  for  analysing  and  manipulation  of  vector  in¬ 
formation 


Solution  and  required  hardware: 

Practically  this  is  done  at  the  photogrammetric  work¬ 
station  in  the  following  way: 

-  The  GOP  filterprocessor  serves  mainly  Image 
filtering  operations.  Fast  correlation  is  done  by 
using  the  floating  point  part  of  this  processor  with 
about  0.27  seconds  correlation  time  for  2S  x  26 
pattern  and  50  x  50  search  matrix  size.  The  imple¬ 
mented  method  is  product  moment  correlation  (4). 

-  The  geometric  transform  processor  is  used  for  re¬ 
sampling  of  images.  After  measuring  the  inner  and 
relative  orientation  the  stereo  image  pair  is  trans¬ 
formed  to  epipoiar  line  geometry.  Resampling  an 
image  of  2300  x  2300  pixels  takes  about  S  minutes. 

-  The  display  contiol  processoi  is  used  for  inter¬ 
active  image  manipulation,  manual  measurements  and 
usual  contiol.  The  use  of  correlation  supports 
measuiements.  The  graphic  capabilities  of  the 
display  piocessoi  die  used  rot  GIS  data  uveiiay. 

-  The  host  system  is  used  for  supervised  control  and 
specific  computations. 

-  A  netwoik  enables  communication  to  local  or  remote 
GIS  systems. 


Design,  realization,  test: 

Measurement  piocesses  are  classified  In  3  categories: 

-  automatic 

-  semi  -  automatic 

-  manual 

Therefore  a  design  of  interactions  between  those  pro¬ 
cesses  and  communication  protocols  were  defined. 
Offering  programming  utilities  requires  also  a  soft¬ 
ware  Interface  without  the  need  of  specific  system 
programming.  A  complex  part  of  the  stero  workstation 
is  the  image  and  graphic  display  system  with  its 
interactions.  The  layout  Is  shown  In  figure  2. 


Figure  2:  Control  and  data  flow 


Here  we  find  hardware  specific  as  well  as  hardware 
independent  parts.  The  whole  image  and  graphic  dis¬ 
play  management  is  embedded  into  a  controlling  pro¬ 
cess  running  in  the  background  of  the  system.  Com¬ 
munication  between  processes  is  realized  by  message 
queues.  Application  programs  communicate  with  the 
system  over  remote  procedure  calls  so  that  no  specific 
system  knowledge  and  piogiamming  is  lequued.  Using 
different  processors  for  displaying  Images  and  control 
has  advantages  in  operation  convenience  but  needs  a 
careful  synchronisation  and  data  management.  The 
2-display  stereo  solution  also  offers  a  maximum 
viewing  field  for  each  of  the  stereo  partners.  For 
test  purposes  aerial  photos  were  digitized  at  the 
OPTRONICS  P  1700  scanner/plotter  and  results  were 
compared  with  conventional  derived  data. 
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Operator  Interface: 


GIS  features: 


Opeiator  conttol  at  the  stereo  woikstation  Is  realized 
by  screen  menues  In  conjunction  with  the  optical 
mouse.  The  3  buttons  of  the  mouse  are  loaded  with 
special  functions  such  as  accepting/ignoring  points 
or  moving  In  \,  y.  z.  A  great  help  for  manual 
measurement  is  the  possibility  of  interactive  .mage 
manipulation  during  the  measurement.  Most  of  the 
display  functions  such  as  zoom  or  table  lookup 
opeiations  are  performed  In  real  time  and  can  be 
expanded  to  paitlcular  requli  ements.  The  maximum 
displayable  image  size  is  512  x  S12  pixel.  Free  realtime 
roaming  is  possible  within  an  area  of  974  x  960  pixel. 
Therefore  image  loading  techniques  from  disk  to 
memory  either  controlled  or  automatic  were  added  to 
the  display  functions.  For  precise  measurements  a 
special  roam  mode  is  selectable:  Mouse  movements 
are  Interpreted  as  fractions  of  a  pixel.  The  neighbour¬ 
hood  around  the  floating  mark  is  then  resampled 
according  to  a  defined  weight  function  and  a  better 
adjustment  of  points  is  possible.  Howewer,  this  mode 
takes  time  because  of  the  poor  floating  point 
capabilities  of  the  display  processor.  Figure  3  gives 
an  overview  about  the  menues  for  image  manipulation 
and  photogrammetric  functions. 
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— 
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— 
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Figure  3:  Menue  system 


Photogrammetric  program  packages: 

With  the  modifications  of  the  Image  piocessing  system 
the  implementation  of  a  basic  photogrammetric 
environment  was  possible.  The  range  of  programs 
covers  orientations,  rectifications,  orthophoto,  dtm 
generation,  bundle  block  adjustment  and  graphical 
editing  programs. 


An  important  part  of  the  system  is  GIS  communication. 
The  standard  ethernet  Is  not  only  considerable  as  a 
cable,  It's  a  bus.  Communication  routines  to  the 
ARC/INFO  system  were  developed  so  that  data  can 
be  transfered  to  or  from  a  remote  system.  Data  stored 
in  a  local  database  on  the  image  processing  system 
can  then  be  used  as  overlay  information  at  the 
stereo  or  mono  workstation.  The  local  database 
serves  as  a  tool  for  combining  Image  and  graphic 
Infoi  mation.  Here  a  subset  of  GIS  functions  is  available. 
An  example  of  using  existing  GIS  data  as  overlay 
information  for  map  revision  is  shown  In  figure  4. 


Figure  4:  Map  revision 


Status: 

The  system  structure  is  fisished,  enhancements  and 
applications  within  different  fields  are  in  hand. 
Presentation  opportunities  of  the  system  were  given 
at  the  Hannover  Fair  in  April  1988,  at  the  ISPRS 
Congress  in  Kyoto/Japan  in  July  1988  and  at  the 
Hurocarto  7  in  September  1988.  With  the  announcement 
from  the  manufacturer  of  the  GOP  302  system  to 
stop  the  hardware  development  of  the  GOP  302 
system,  the  present  advantages  and  limitations  of 
the  system  are  fixed.  Image  processing  systems  of 
the  next  generation  offer  higher  re  •le*. Ion  and  more 
possibilities  of  combining  images  ard  graphics  so 
that  portation  of  the  software  to  a  new  system  is 
planned. 


Requirements  for  future  systems: 


The  future  of  photogrammetrlc  workstations  will 

depend  on  different  conditions: 

-  digital  image  data:  extensive  distribution  of  digital 
image  data  and  increased  computer  performance  is 
the  presupposition  for  the  success  of  digital  based 
measurement  techniques. 

-  networking:  communication  is  not  only  necessary 
between  computer  hardware;  common  data  formats 
and  structures  have  to  be  defined  and  used  {  !!  ) 
within  a  wide  context. 

-  existing  systems  should  be  upgraded  with  a  common 
data  exchange  possibility  for  other  systems. 
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1.  Abstract 

In  ihe  framework  of  processing  facilities  for  future  earth  remote  sensing 
sensors  (ERS-1,  SIR-C/X-SAR),  the  geocoding  of  Synthetic  Aperture 
Radar  images  becomes  an  important  aspect  for  supporting  user  data 
needs.  DLR  will  offer  such  images,  tackling  with  a  wide  range  of  process¬ 
ing  and  cartographic  parameters. 

As  geocoding  claims  for  comparability  with  topographic  references,  the 
geometric  quality  control  of  such  data  has  to  deal  with  image  visualisa¬ 
tion,  pattern  correlation  and  topographic  reference  data  bases,  all  to¬ 
gether  fast  and  flexible  in  access  and  manipulation. 

The  whole  functionality  of  processing,  quality  control  and  data  base  man¬ 
agement  is  integrated  on  high  performance  UNIX  workstations,  which 
allow  transparent  data  access  within  large  networks  and  visualization  in 
monochrome  or  true  color. 

The  displayed  images  are  compared  with  stored  geographic  references 
such  as  Digital  Elevation  Models,  Ground  Control  Point  Chips  and  topo¬ 
graphic  maps.  The  hardware  and  software  tools  for  such  interactive,  as 
well  as  automatic  quality  control  arc  presented.  The  design  of  data  bases 
for  the  reference  information  and  the  current  work  in  integrating  such 
data  to  form  a  basis  for  a  Geographic  Information  System  will  be  ex¬ 
plained. 

Keywords:  SAR  Geometric  Quality,  Digital  Elevation  Model  Data  Base, 
Ground  Control  Point  Data  Base,  Maps.  Map  Data  Base,  image  Process¬ 
ing  Workstations,  Interactive  Display  Software. 

2.  Introduction 

An  important  task  for  the  operational  Processing  and  Archiving  Facilites 
(PAF)  of  the  forthcoming  remote  sensing  satellites  is  the  quality  en- 
surance  for  the  variety  of  products  they  are  going  to  generate.  This  is  also 
valid  for  the  German  off-line  ground  segment  for  ERS-!  and  SIR-C/X- 
SAR  currently  integrated  at  DLR  (German  Aerospace  Research  Estab¬ 
lishment)  in  Oberpfaffenhofen.  Especially  for  these  radar  sensors,  exten¬ 
sive  calibration  and  validation  campaigns  are  planned  (ESA,  1989)  and 
rigorous  product  quality  requirements  must  be  met  throughout  the  life¬ 
time  of  the  PAF. 

Besides  sophisticated  monitoring  of  all  engineering  and  processing  pa¬ 
rameters,  validation  and  product  quality  assurance  need  interactive  visu¬ 
alization  of  image  data  and  reference  to  real  earth's  targets  This  is  espe 
cially  true  for  the  SAR  geocoding,  where  the  image  pixel  geometry  is 
resampled  to  be  directly  comparable  to  a  cartographic  reference  system 
(Winter.  1989). 

Besides,  geocoding  systems  are  often  coupled  to  further  image  interpreta 
tion  tasks  such  as  mosaicking  or  ice-flow  mapping  (Fily,  1987) 
Geocoding  also  is  the  entry  to  data  synergism  within  Geographic  Informa 
lion  Systems  (G1S),  thus  establishing  interfaces  to  data  base  systems  be 
ing  capable  to  handle  geobased  information  or  reference  data  Part  of  it 
are  visualization  systems  which  shall  enable  the  user  to  browse  the  data  in 
different  presentation  formats. 

The  following  chapters  describe  such  an  implementation  at  the  german 
PAF  for  the  purpose  of  quality  control  of  geocoded  SAR  images.  After 


having  defined  the  characteristics  of  geographic  fidelity  in  geocoded  im¬ 
ages,  the  interaction  of  data  bases  and  visualization  systems  based  on  a 
workstation  concept  will  be  shown. 

3.  Geometric  Quality  of  Geocoded  Satellite  SAR 
Images 

The  term  geometric  quality  in  this  paper  refers  to  the  absolute  measured 
position  of  one  or  more  targets  in  the  geocoded  image  and  their  deviation 
from  the  real  geodetic  position  of  the  targets  on  earth  In  general,  targets 
are  in  general  not  only  artificial  corner  reflectors  but  all  types  of  natural 
and  man-made  objects  normally  depicted  in  maps  (streets,  rivers,  shore 
lines  etc). 

The  basic  geometry  of  SAR  Images  is  characterized  by  the  active  run¬ 
time  measurement  of  the  backscallered  signal  and  the  treatment  of  the 
signals  frequency  content  in  SAR  processors  (Elachl,  1988)  This  geome 
try  is  called  'slant-range'-image  and  is  aligned  to  the  orbit  in  one  direc 
tion  and  to  the  signal  travel  time  ('slant’)  in  the  other  one  Assuming  an 
earth  sphere  or  ellipsoid,  the  slant-range  direction  can  be  stretched  by 
simple  trigonometric  interpolation,  thus  producing  a  more  natural  view 
but  not  enhancing  geometrical  quality.  The  geometric  quality  of  SAR  im¬ 
ages  can  be  enhanced  by  georeferencing  and  geocoding.  The  first  proce¬ 
dure  gives  the  geodetic  location  ol  a  few  image  pixels  or  the  image  frame, 
whereas  geocoding  resamples  each  image  pixel  to  be  aligned  to  a  given 
cartographic  reference  system  (Guertin,  1981). 

The  basic  image  generation  technique  of  SAR  images  enables 
georeferencing  and  geocoding  systems  to  generate  images  with  high  geo¬ 
metric  fidelity  without  any  ground  control  pointing,  provided  the  satellite 
orbit,  the  slant-range  timing  and  the  processor  reference  data  are  given 
very  precisely  (Curlander,  1984). 

Unfortunately,  the  SAR  image  generation  is  severely  affected  by  terrain 
undulations,  introducing  such  effects  as  foreshortening,  layover  and 
shadow.  These  are  based  on  a  misregistration  mainly  in  slant-range  direc¬ 
tion  As,  which  can  roughly  be  calculated  as: 

As  =  Ah  -  cot  6  , 

where  Ah  is  the  height  difference  and  0  is  the  incidence  angle  of  the 
SAR.  (Example  for  ERS-I  :  As  «  Ah  2,3J) 

Thus,  even  precise  ephemeral  and  processing  data  could  not  give  a  pixel 
by  pixel  accui  ,  especially  In  hilly  terrain.  Terrain  elevation  effects 
could  be  lackied  by  takeing  a  Digital  Elevation  Model  (DEM)  into  ac 
count  and  calculating  the  SAR  pointing  function  for  each  pixel  rather 
than  refering  to  an  ellipsoid.  These  products  could  reach  accuracies 
needed  for  topographic  mapping,  provided  an  accurate  DEM  is  given  and 
some  geometric  adjustments  (using  a  few  GCP)  have  been  performed 
(Meier,  1985).  These  products  are  refered  as  GTC  (Geocoded  Terrain 
Corrected),  whereas  the  products  calculated  with  mere  ellipsoid  refer 
ence  aie  called  GEC  (Geocoded  Ellipsoid  Corrected).  Obviously,  SAR 
Geocoding  systems  have  to  deliver  three  main  further  data  sets:  Digital 
Elevation  Models  (DEM),  Ground  Control  Points  (GCP)  and  Map  Ref 
erences  to  ensure  geometric  quality. 
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3.  Georeferenced  Data  Bases 

3.1.  The  Digital  Elevation  Model  Data  Base 


Digital  Elevation  Models  (DEM)  are  used  to  enhance  the  geometric  ac¬ 
curacy  for  the  GTC-prodculs. 

DEM  raster  data  are  normally  stored  in  a  rectangular  grid  reference 
frame  which  is  either  cailographtc  or  geographic  The  latter  has  the  ad¬ 
vantage.  that  any  further  cartographic  projection  can  be  calculated  easily 
based  on  geographic  reference.  Additionally,  latitude  and  longitude  are 
well  defined  all  over  the  world. 

For  operational  satellite  data  processing  systems,  such  as  the  SAR 
geocoding  system  of  D-PAF,  it  is  envisaged  to  store  all  DEM  data  on¬ 
line  on  magnetic  disks.  Today's  high  density  storage  technology  makes  on 
line  storage  feasible.  For  some  land  areas,  DEM  raster  resolutions  and  an 
amount  of  16  Bit  encoded  height  data  are  given: 

-  FRG  248.601  sqkm  20m  raster  1.243  MByte 

-  Europe  10  500.000  spkm  100m  raster  2.100  MByte 

-  World  149  700  000  sqkm  2S0m  raster  4  790  MByte 

The  requirement,  tu  be  met  when  the  DEM  data  base  was  designed  are 
as  follows- 

•  all  DEM  data  is  stored  in  geographical  coordinates 

•  DEM  data  may  have  different  resolutions  for  different  areas 

•  spatial  resolution  is  restricted  to  some  (23)  fixed  values  from  1”  to  I 
deg.,  to  ease  DB-organization 

•  height  values  are  stored  as  16  bit  with  definable  offset  data 

•  in  flat  areas  (dh  <  255  m),  heights  are  stored  as  8  bit  numbers  to 
reduce  the  amount  of  data 

•  (or  any  location  of  the  earth,  only  one  valid  height  is  stored 

•  to  allow  storage  of  multiple  data  sets,  99  test  and  99  production  data 
bases  can  be  handled. 

The  data  are  organised  in  a  binary  tree  structure,  where  the  leaves  of  the 
tree,  the  nodes  define  different  resolution  sizes  (see  figure  1) 

iNodes  tan  be  distinguished  as  index  nodes,  which  point  to  sub-index 
nodes  ,  or  data  nudes,  which  point  to  data  buckets.  The  header  u(  each 
node  contains  the  geugiaphic  coordinates  of  the  area  boundaries,  the 
resolution  in  north-south  and  east-west  direction  and  several  flag  bus, 
indicating,  whether  the  data  set  is  complete.  Additionally,  some  informa¬ 
tion  on  data  update  and  auxiliary  information  such  as  data  origin  and 
quality  is  given. 

Finally,  DEM  data  itself  is  stored  in  data  buckets  of  4  Kbyte  each.  One 
node  mav  point  to  up  to  36  data  buckets,  giving  72  K-values  of  16  Bit 
data.  For  level  6  nodes,  this  results  in  a  finest  possible  resolution  of  ap- 
piox.  U.25"  DEM  laster  size  to  be  stored  (approx.  5  m  at  mid  geographic 
luiitudesj  Each  data  bucket  contains  information  about  the  olfsel  of  the 
oeiglit  values,  the  data  type  and  data  organization.  The  offset  of  the 
height  values  is  selected  in  such  a  way,  that  unknown  or  invalid  values 
can  be  stored  as  0. 

Physically,  up  to  32K  data  buckets  are  stored  in  one  extension'  (=  lile). 
The  actual  design  allows  for  up  to  255  extensions,  giving  a  maximum 
amount  of  16  G-values  of  height  data.  These  data  base  extension  files 
can  reside  on  different  disks  of  one  computer  or  even  on  different  com¬ 
puters  in  a  network  (with  NFS-software  =  Network  File  System  of  SUN 
Microsystems).  Such  a  networked  data  base  server  may  be  an  optical  disk 
jukebox  with  several  Gbytes  of  accessible  data. 

The  access  to  the  DEM  data  is  realized  by  high  level  language  procedure 
cans.  Such  calls  can  be  peifoiiueu  by  FORTRAN*  oi  C  to  lead  and  wiile 
any  particular  area  stored  in  the  DEM-DB.  All  references  to  the  area  are 
given  in  geographic  coordinates. 


3.2.  The  Ground  Control  Point  Data  Base 

The  ground  Control  Points  are  used  to  refine  the  basic  SAR  projection 
function  and  to  verify  the  geometric  quality  of  the  geocoding  process. 

The  UPSTAIRS  image  processing  system  (Mein  +  Stekl,  1988),  installed 
at  the  DLR  and  used  as  a  basis  for  the  integration  of  geocoding  software, 
actually  supports  the  concept  of  GCP  storage  and  management  in  differ- 
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Figure  I:  Organisation  of  the  DEM-DB  in  geographical  units 


ent  ways.  So  far,  GCPs  are  understood  as  entities  derived  from  distinct 
map  (paper)  sheets,  establishing  the  relerence  between  a  map  derived 
location  on  earth  and  the  pixel  coordinates  of  the  digital  image  to  be 
rectifed.  Further  information  may  be  added  to  the  GCP  characteristics 

The  SAR  geocoding  and  quality  control  system  will  primarily  be  based  on 
this  implementation.  Additionally,  features  are  envisaged  to  handle  GCP- 
clnp  information.  A  'chip'  is  a  small  geocoded  image  showing  a  remark¬ 
able  feature  on  earth.  By  image  processing  and  correlation  techniques 
this  chip  is  matched  with  the  target  image,  thus  giving  a  distinct  tiepoint 
from  the  known  chip  location. 

The  concept  of  GCP-chips  will  be  used  in  conjunction  with  the  DEM- 
DB.  The  GCP-DB  points  to  small  areas  in  the  DEM-DB  (steep  slopes, 
valleys),  where  a  'SAR-simulation'  is  performed.  This  simulated  image, 
with  its  well  known  location,  serves  as  a  Ground  Control  Point  for  the 
geocoding  geometry  adjustment  process  (Schreier,  1988) 

The  retrieval  of  GCPs  will  be  performed  by  a  programmable  function  call, 
specilymg  the  region  ol  interest  (all  over  the  world)  in  a  geographic  frame 
and  returning  a  list  of  GCP  entries  in  the  GCP-DB.  From  this,  detailed 
information  of  the  GCPs  can  be  retrieved  The  creation  of  new  GCPs  is 
also  perlormed  via  function  calls  from  higher  level  programming  Ian 
guages. 


3.3.  The  Map  Library  System 

The  Map  Library  System  (MLS)  is  used  to  store  all  relevant  parameters 
of  map  paper  charts,  which  are  suitable  for  quality  control  by  direct  map- 
to-geocoded-image  comparison. 

As  tbe  geocoding  of  satellite  data  means  resampling  of  raster  image  data 
to  a  lormal  comparable  to  map  geometry,  topographic  maps  are  the  best 
(and  actual  available)  choice  for  geometric  quality  control  of  geocoded 
images.  Unfortunately,  the  organization  and  handling  of  map  paper 
sheets  in  an  appropriate  scale  for  the  areas  of  interest  is  a  very  difficult 
task.  Maps  from  all  over  the  world  come  along  with  different  cartographic 
reference  systems,  and  differences  in  sizes,  quality,  annotation  and  scale. 
In  operational  computer  networks,  the  organization  of  such  diverse  data 
should  be  implemented  in  a  relational  data  base  system. 

Therefore,  the  requirements  for  an  operational  Map  Library  System  for 
SAR  geocoding  are  as  follows: 

•  Store  parameter  and  annotation  of  more  than  7000 

maps  for  Europe 

•  Ensure  flexibility  for  different  parameters  of  maps 

•  Store  inlernal-ID  and  national  map  name 

•  Store  geographic  coordinates  of  map  frame  corners 

•  Store  country  and  reference  map  projection  characteristics 

•  Store  physical  archive  location 

•  Store  archive  update  and  utilization  of  maps 

Figure  2  shows  typical  topographic  map  series  frames  for  different  coun 
tries  Figure  3  gives  a  compilation  of  all  relevant  maps  of  Europe,  suitable 
for  geometric  quality  control. 
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Figure  3:  List  of  topographic  maps  of  Europe 


4.  Image  Quality  Control  Workstation  Hardware 

All  data  bases  presented  in  this  paper  are  installed  on  a  network  of  UNIX 
workstation  servers,  used  as  target  machines  within  the  German  PAF. 
These  workstations  are  of  SUN-3  and  SUN-4  type. 


Figure  2.  Topographical  Map  Series  of  FRG  as  sample  input  for  the  Map 
Library  System 


The  implementation  of  MLS  is  performed  in  ORACLE  on  UNIX  work¬ 
stations  (Wiesmann,  1988).  Queries  and  entries  to  the  database  can 
either  be  performed  by  the  SQL-query  language  or  with  a  high  level 
menue-imerface  called  SQL 'FORMS  (ORACLE.  1986).  Additionally, 
SQL  calls  can  be  embedded  in  FORTRAN  programs,  allowing  direct  ac¬ 
cess  of  application  programs  to  the  database.  For  the  geocoding  system, 
the  major  DB-calls  are  as  follows: 

-  From  a  given  national  map  ID,  retrieve  the  map  frame  organized  in 
geographic  coordinates. 

-  From  a  given  rectangular  area,  specified  in  geographic  coordinates, 
retrieve  all  maps  -  or  only  maps  with  some  specifications  -  which  cover 
this  area. 

-  From  a  given  map-ID,  retrieve  the  physical  location  of  a  map  in  the 
map  archive. 

The  last  two  items  are  used  for  quality  control  of  geocoded  satellite  im 
ages  which  will  be  performed  as  follows  With  the  given  corner  coordi 
nates  of  the  geocoded  scene,  the  QIC  program  can  query  the  data  base 
for  the  appropriate  maps  The  retrieved  framing  of  the  maps  can  be  dis¬ 
played  as  graphics  on  the  workstation  screen  and  the  operator  can  inter¬ 
actively  select  a  map.  The  physical  archive  location  is  used  to  search  for 
the  map  at  the  right  place. 


Figure  4  gives  the  HW  layout  of  a  typical  SUN-4  based  geocoding  and 
quality  control  workstation.  The  workstation  comes  along  with  a  10  MIPS 
RISC-archilecture  CPU  and  approx.  1.1  MFLOP  arithmetic  perform¬ 
ance.  For  the  purpose  of  ERS-1  geocoding,  main  memory  is  at  least  32 
MBytes  and  image  data  disk  space  about  1.7  GBytes.  Operating  system 
and  programs  reside  on  a  smaller  disk.  Each  workstation  has  a  standard 
1I52'900  pixel  color  display  of  8  bit  depth  (256  colors  out  of  16  mil¬ 
lions).  The  availability  of  different  colors  is  used  to  perform  visualization 
and  quality  control.  The  reference  points  from  map  paper  sheets  are 
measured  from  an  attached  AO  digitizer  Current  plans  foresee  to  up 
grade  the  image  processing  and  image  visualization  capabilities  of  this 
workstation  by  adding  a  special  processor  to  the  VM  E-bus  of  the 
SUN-4.  This  processor  is  the  Trancept  Application  Accelerator 
(TAAC-1)  (SUN,  1988),  having  true  color  display  performance  (32-bit 
depth)  and  12,5  MFlop  arithmetic  throughput.  First  tests  and  SW  inte¬ 
grations  with  the  TAAC-I  have  been  performed. 

5.  The  Geocoded  Image  Visualization  Tool 

On  the  basic  of  some  prototypes  and  experiences  with  image  visualization 
on  color  bit  mapped  workstation,  an  image  visualization  software  was  de 
signed  which  is  based  on  a  display  tool  already  used  by  University  College 
London  (Muller,  1988).  This  display  tool  divides  the  screen  area  in  some 
major  application  windows  (see  Fig.  5). 

•  Main  display  window,  where  the  original  image  can  be  displayed  in 
several  magnification  or  compression  modes  (Magnification  factor  from 
16  to  1/16  including  decimals). 


minurr 


•  Overview  image,  showing  a  compressed  (averaged)  total  image  for  ori¬ 
entation  purposes.  A  box  shows  the  actual  part  of  the  image  displayed 
in  the  main  window.  This  box  can  be  used  for  scrolling  the  main  image. 
An  additional  function  allows  a  graphic  overlay  to  be  superimposed  on 
the  overview  image.  This  actually  displays  the  frames  of  the  map  paper 
sheets  used  for  ground  control  pointing. 

•  Cursor  tracing  fields  show  the  actual  location  of  the  cursor  position 
within  the  main  display  in  northing  easting  and  longitude/  latitude  This 
is  possible  for  any  magnification  factor. 

•  A  pull-down  ’command  &  control  window  allows  to  display  specific 
Information  about  maps  or  control  points 

•  Some  buttons  are  associated  with  pull-down  menues  for  magnification, 
cursor  style,  look-up-table  selection  etc. 

•  A  tool,  which  allows  to  change  LUT  in  monochrome  and  false  color 
domain  with  various  options. 

The  display-SW  is  optimized  to  handle  large  data  sets  (up  to  12KM2K 

pixels),  where  the  image  window  scrolling  is  performed  with  maximum 
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dtsk-l'O  rate  using  memory  paging  mechanisms  available  under  SUNOS 
4  0 

The  real-time  geographic  coordinate  tracing  can  be  performed  for  any 
rectangular  coordinate  system  of  the  geocoded  image  The  characteristics 
of  thi'  system  and  the  image  frame  coordinates  are  supplied  tviilnn  a 
special  data  structure 

The  implementation  of  this  tool  is  performed  in  C  using  the  ‘SunView’ 
graphical  command  syntax.  However,  it  is  planned  to  transfer  this  tool  to 
the  ‘^-Windows’  screen  standard  to  have  more  flexibility  in  software  and 
hardware  platforms. 
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Figure  5'  Screen  Layout  of  the  visualization  tool 


6.  The  Interaction  of  Visualization  Tool  and 
Data  Bases  for  Geometric  Quality  Control 

The  data  liases  described  in  chapter  3  and  the  display  tool  described  in 

the  previous  chapter  will  interact  to  form  an  operational  tool  for  geomet 

ric  quality  control  of  geocoded  images  using  map  paper  sheets.  The  pro¬ 
cedure  of  the  quality  control  can  be  described  as  follows: 

1  Once  tbe  geocoded  image  is  computed,  ns  framing  corner  coordinates 
are  known.  By  these  coordinates,  all  map  paper  sheet  data  and  the 
ancillary  information  are  retrieved  from  the  Map  Library  System,  which 
might  be  suitable  for  control  pointing. 

1.  The  display  tool  appears  on  the  operators  screen,  with  subsampled 
overview  image  and  superimposed  map  grid. 

3.  The  operator  can  choose  a  map  for  tiepomtmg  from  tile  map  grid 
information.  MLS  informs  the  operator  about  the  physical  location  of 
the  map  in  the  archive 

4.  The  operator  fixes  the  map  on  the  digitizer  attached  to  the  worksta¬ 
tion.  MLS  provides  the  information  about  corner  coordinates  and  car¬ 
tographic  presentation  of  the  map. 

5.  Tlte  display  window  shows  that  part  of  the  geocoded  image  corre¬ 
sponding  to  the  map  area.  The  coordinates  from  digitized  map  points 
are  transfered  to  pixel  locations  in  the  displayed  image.  This  and  the 
alphanumeric  display  of  northing  and  easting  is  performed  in  a  'stream 
mode',  thus  moving  the  digitizer  pen  results  in  an  automatic  movement 
of  tite  image  cursor  in  a  gcocodea  manner 

7.  Once  the  operator  finds  a  remarkable  tiepoint  in  a  map,  he  can  fix  n 
by  a  button  stroke.  Then  he  adjusts  the  screen  cursor  to  the  corre¬ 
sponding  point  and  confirms  it.  The  difference  between  'mapped'  and 
'geocoded'  point  is  stored  in  GCP-DB  as  'residual'.  The  magnitude  and 
direction  of  residuals  in  a  geocoded  image  are  an  indication  of  for  geo¬ 
metric  fidelity. 

(If  quality  control  is  performed  on  ellipsoid  corrected  images,  tbe  ter¬ 
rain  elevation  for  computing  the  height  offset  can  be  retrieved  from 
DEM-DB.) 


8.  The  operator  can  either  select  a  new  tiepoint  on  the  same  image 
(GOTO  7)  or  a  new  map  for  tiepointing  (GOTO  3)  or  exit  the  display 
tool. 

When  exiting  the  quality  control,  a  statistic  about  map-to-tmage  tiepomts 
is  computed.  Tins  statistic  is  delivered  as  an  annotation  data  record  to  the 
end  data  user. 


7.  Conclusions 

The  current  paper  has  tried  to  pinpoint  the  utilization  of  reference  data 
bases  and  color  graphics  workstations  for  the  geometric  quality  control  of 
geocoded  SAR  images.  It  was  outlined  that  current  workstation  hardware 
and  software  technology  is  well  suited  for  the  integration  of  such  tools, 
especially  in  an  operational  environment.  Nevertheless,  further  work 
must  be  done  to  include  digitized  vector  data  rather  than  map  paper 
sheets  and  to  also  consider  radiometric  reference  properties  in  the  differ 
enl  data  bases.  Image  display  hardware  and  software  must  cope  with 
these  new  possibilities  by  supporting  multiple  data  visualization  and  over¬ 
lay.  The  technological  development  in  the  computer  market  is  going  to 
support  these  features  by  providung  adequate  hardware  and  software. 
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Abstract 

Pass  processing  is  a  method  to  determine  models  for  the  geomet¬ 
ric  correction  of  satellite  imagery.  Most  systems  use  a  method  we 
will  call  single  scene  processing  in  which  the  precision  model  is 
determined  by  marking  ground  control  points  (GCPs)  within  the 
area  of  the  desired  output  scene.  With  pass  processing,  the  cor¬ 
rection  model  can  be  determined  from  GCPs  located  anywhere 
in  within  the  same  pass  (orbit)  as  the  desired  output  scene. 

The  goal  of  pass  processing  is  to  achieve  an  accuracy  for  a  given 
number  of  GCPs  that  is  comparable  to  that  obtained  with  singte 
scene  processing.  Since  the  GCPs  are  distributed  over  many 
scenes  the  average  GCP  requirement  per  scene  is  greatly  reduced. 
Moreover,  pass  processing  reduces  the  sensitivity  to  the  location 
of  the  GCPs  and  allows  for  the  correction  of  scenes  which  contain 
no  GCPs  at  all. 

This  paper  reports  on  the  results  of  a  study  to  extend  the  pre¬ 
vious  work  on  pass  processing  for  Landsat  imagery  to  SPOT 
and  to  measure  the  accuracy  that  can  be  achieved  under  various 
scenarios  for  the  distribution  and  number  of  GCPs. 

The  results  showed  that  the  goals  of  pass  processing  have  been 
achieved  for  SPOT:  accuracies  comparable  to  single  scene  pro¬ 
cessing  were  obtained  using  an  average  of  1/4  GCP  per  scene; 
large  areas  with  no  ground  control  were  corrected. 

Keywords:  geometric  correction,  pass  processing,  SPOT,  spatial 
tri  angulation 


1  Introduction 

SPOT  imagery  needs  to  be  corrected  to  remove  geometric  distor¬ 
tions  and  in  order  to  make  the  correspondence  between  feature 
iocations  in  the  imagery  auu  on  the  earth's  surface.  The  aCCU 
racy  attainable  using  systematic  corrections,  that  is,  corrections 
based  on  a  priori  knowledge  and  orbit  and  attitude  data,  is  only 
about  1  km.  This  error  is  mainly  due  to  inaccuracies  of  the  the 
orbit  data  and  the  fact  that  absolute  attitude  measurements  are 
not  available,  only  attitude  rates. 

Ground  control  points  (GCPs)  are  features  which  are  visible  in 
the  imagery  and  which  have  a  known  location  on  the  earth's  sur¬ 
face.  Comparing  their  location  in  the  imagery  with  their  ground 


location  allows  for  a  refinement  of  the  correction  model  so  as  to 
achieve  subpixel  accuracy. 

The  determination  of  the  ground  location  of  a  GCP  requires 
techniques  such  as  surveying  or  photogrammetry,  which  can  be 
expensive.  In  some  areas,  the  determination  of  ground  control 
locations  may  simply  be  infeasible.  Thus  in  order  to  realize  the 
potential  of  satellite  imagery  for  cost-effective  mapping  applica¬ 
tions,  it  is  desirable  to  minimize  the  requirements  for  quantity 
and  distribution  of  ground  control. 

One  of  the  key  techniques  in  MacDonald  Dettwiler ’s  approach  to 
reducing  ground  control  requirements  is  pass  processing.  Most 
satellite  image  correction  systems  use  single  scene  processing  in 
which  correction  models  are  determined  using  ground  control 
only  in  the  area  of  the  scene  to  be  corrected.  With  pass  process¬ 
ing,  ground  control  from  anywhere  in  the  same  pass  (orbit)  can 
be  used. 

The  goal  of  pass  processing  is  to  achieve  the  same  accuracy  as 
single  scene  processing  while  using  about  the  same  number  of 
GCPs.  Since  there  can  be  tens  of  scenes  in  a  single  pass,  the  av¬ 
erage  number  of  GCPs  required  per  scene  is  reduced  by  an  order 
of  magnitude.  Moreover,  large  areas  with  no  ground  control  can 
be  corrected  with  high  accuracy. 

Pass  processing  is  similar  to  the  concept  of  spatial  trtangulation 
in  which  blocks  of  stereo  SPOT  imagery  are  corrected.  However, 
pass  processing  does  not  require  stereo  imagery  and  applies  to 
one  strip  at  a  time.  The  techniques  could  be  used  as  part  of  a 
spatial  triangulation  process. 

Pass  processing  has  been  developed  at  MacDonald  Dettwiler  and 
implemented  in  our  image  processing  systems  for  SPOT.  This 
work  extends  the  previous  work  for  the  early  Landsat  satel¬ 
lites  [Friedmann  et  al,  1983}  and  the  Landsat  Thematic  Map¬ 
per  [Sharpe  and  Wiebe,  1988].  To  assess  the  accuracy  of  the 
technique,  a  pass  of  SPOT  imagery  was  corrected  using  vari¬ 
ous  numbers  and  uistnbutions  of  control  points.  The  accuracy 
measured  at  independent  check  points. 


2  Data 

SPOT  panchromatic  imagery  and  ground  truth  were  obtained 
for  15  scenes  located  in  the  province  of  Alberta  (see  Table  1). 
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The  imagery  was  acquired  at  near-nadir  viewing  (incidence  angle 
of  -2.3°). 


GRS  number 

Date 

K  |  J 

537  |  231  -  246 

September  24,  1987  (Day  267) 

Table  1:  Scenes  comprising  the  study  pass. 

Ground  truth  was  derived  from  1:60000  scale  aerial  photogra¬ 
phy  for  about  80  regions  uniformly  distributed  throughout  the 
imagery.  About  6  GCPs  per  region  were  selected.  There  were 
472  GCPs  altogether  whose  ground  truth  was  determined  in  this 
way.  Their  estimated  accuracy  was  estimated  to  be  1-3  m  in 
each  of  x,  y  and  z. 

3  Experiments 

Once  the  image  and  geocentric  coordinates  of  the  GCPs  were 
determined,  subsets  of  them  were  selected  to  determine  the  pass 
processing  correction  models.  We  will  refer  to  these  GCPs  as 
model  points.  The  remainder  of  the  GCPs  were  used  as  check 
points  to  measure  the  accuracy,  as  follows. 

The  correction  models  determine  the  transformation  from  image 
coordinates  to  geocentric  location.  The  transformations  were 
applied  to  the  image  coordinates  of  the  check  points  and  the 
results  were  compared  with  their  ground  truth  location.  The 
differences  were  decomposed  into  their  along  and  across  track 
components  and  statistics  for  each  component  were  evaluated  as 
a  measure  of  the  error  in  the  model.  Note  that  the  elevations 
of  all  points  were  used  so  that  there  are  no  contributions  from 
terrain  errors. 

The  model  points  were  selected  so  as  to  test  the  accuracy  of  the 
correction  using  varying  numbers  and  distributions  of  them.  The 
results  are  described  in  the  sections  which  follow. 

3.1  Uniform  Distribution 

For  N  =  1..10,  N  control  points  were  selected  as  model  points. 
These  points  were  uniformly  distributed  over  the  pass.  To  in¬ 
crease  the  statistical  sample,  three  different  sets  of  model  points 
were  chosen  for  each  N.  In  all  cases,  the  chosen  model  points 
were  those  which  were  deemed  to  be  clearly  visible  in  the  im¬ 
agery. 

Table  2  shows  the  accuracies  measured.  The  combined  error  is 
the  RMS  of  the  along  and  across  track  errors,  in  other  words, 
it  is  the  two-dimensional  RMS  error,  calculated  over  the  whole 
pass.  These  errors  (along,  across  and  combined)  are  the  RMS  of 
the  errors  over  all  three  runs. 

The  “min”  and  “max"  columns  show  the  minimum  and  maxi¬ 
mum  combined  RMS  error  that  was  measured  over  all  the  scenes 
and  all  the  runs. 

The  errors  usually  decrease  with  an  increasing  number  of  model 
points,  as  expected.  A  combined  error  at  the  subpixel  level  is 
obtained  for  3  or  more  GCPs  (1/5  GCPs  per  scene  on  average) 
although  a  subpixel  level  for  all  scenes  is  not  obtained  until  8  or 


more  GCPs  (ss  1/2  GCP  per  scene)  are  used.  It  is  noteworthy 
that  the  overall  RMS  error  when  using  9-10  GCPs  is  hardly 
larger  than  the  model  residuals  when  all  472  GCPs  are  used 
(5.9  m  vs.  5.4  m).  The  latter  represent  the  best  results  that 
could  be  achieved  using  this  data. 


#GCPs 

Along 

Across 

Combined 

E30I 

E321 

1 

■co 

22.8 

23.6 

EH 

2 

9.4 

26.1 

27.7 

go 

3 

HOI 

7.4 

10.0 

■a 

4 

7.0 

5.0 

8.6 

5.7 

15.8 

5 

6.1 

iho 

8.7 

Eia 

6 

■EES 

mwm 

13.5 

7 

jfl 

■d 

Hi 

SO 

12.3 

8 

■  » 

— 

mmm 

■a 

■tmi 

9 

HK2J 

§m 

5.9 

3.5 

10 

n 

■B21 

5.9 

■fill 

Table  2:  Two-dimensional  RMS  errors  for  models  determined 
from  a  uniform  number  of  control  points.  The  along-track, 
across-track  and  combined  errors  are  calculated  over  the  whole 
pass.  “Combined”  means  the  RMS  of  the  along  and  across-track 
error.  The  minimum  and  maximum  errors  are  for  the  combined 
error  when  calculated  scene-by-scene. 

There  are  some  anomalies  in  the  results:  the  error  increases  in 
going  from  1-2  GCPs  and  from  4-5  GCPs.  These  are  most 
likely  due  to  statistical  fluctuations  arising  from  the  attempt  to 
determine  an  inadequate  model  using  a  minimal  number  of  noisy 
data  points. 

3.2  Interpolation 

Ten  different  configurations  of  GCPs  were  tested,  each  of  them 
three  times.  Basically,  a  small  number  of  GCPs  was  used  in  each 
of  one  or  two  end  scenes  to  correct  the  whole  pass.  Thus  up  to 
13  scenes  with  no  GCPs  were  corrected.  We  csdl  this  mode  of 
processing  “interpolation”  because  the  correction  model  is  in¬ 
terpolated  between  data  points  supplied  at  the  ends  to  provide 
correction  of  the  imagery  in  the  middle. 

The  measured  errors  for  the  interpolation  are  shown  in  Table  3. 
The  errors  shown  in  Table  3  are  defined  similarly  to  those  in 
Table  2. 

Several  conclusions  can  be  drawn  from  Table  3: 

1.  Not  much  improvement  in  accuracy  is  gained  by  going  be¬ 
yond  4  GCPs.  The  overall  RMS  error  is  about  1  pixel  or 
less  for  4  or  more  GCPs. 

2.  It  is  somewhat  better  to  have  GCPs  in  two  scenes  at  each 
end  rather  than  just  one. 

3.  Concentrations  of  GCPs  in  the  south  give  marginally  bet¬ 
ter  results  than  in  the  north.  This  is  probably  because  the 
northern  GCPs  were  harder  to  locate  in  the  imagery  than 
those  in  the  south  and  so  were  less  accurate. 

Summary:  we  were  able  to  correct  11-13  scenes  (660-780  km) 
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containing  no  GCPs  to  an  overall  accuracy  of  1  pixel  (2D,  RMS) 
and  with  a  maximum  error  of  less  than  15  m. 

3.3  Extrapolation 

Twelve  different  configurations  of  GCPs  were  tested,  each  of 
them  three  times.  In  this  series  of  experiments,  GCPs  were 
selected  from  one  end  of  the  pass.  The  correction  model  was 
used  to  correct  those  scenes  and  extrapolated  to  correct  the  re¬ 
mainder  of  the  pass  where  there  were  no  GCPs.  The  GCPs  were 
taken  from  1,  2,  5  or  7  scenes  and  there  were  1,  2  or  10  GCPs 
per  scene. 

The  measured  errors  for  the  extrapolation  tests  are  shown  in 
Table  4.  The  errors  shown  in  Table  4  are  defined  similarly  to 
those  in  Table  2. 

Extrapolation  is  the  most  difficult  of  the  modes  of  pass  process¬ 
ing  and  the  accuracies  achieved  are  not  as  good  as  for  the  uniform 


or  interpolation  modes.  Nevertheless,  reasonable  accuracy  was 
maintained  for  several  hundreds  of  kilometers  beyond  the  end  of 
the  control. 


Our  results  can  be  summarized  as  follows: 

1.  Subpixel  accuracy  can  be  maintained  in  the  along  track  di¬ 
rection  for  the  entire  pass  (15  scenes)  extrapolating  beyond 
control  contained  in  one  or  more  scenes  at  one  end.  This 
is  true  as  long  as  there  are  enough  GCPs  in  the  model  (2 
is  not  enough,  10  is  more  than  enough). 

2.  Across  track  errors  increase  at  the  rate  of  about  4-5  m  per 
scene  away  from  the  region  of  control.  The  errors  appeared 
to  be  due  to  an  oscillation  effect.  If  this  is  the  case,  then  the 
estimate  of  4-5  m  per  scene  is  too  pessimistic  for  inferring 
what  the  error  would  have  been  if  we  had  extended  the 
model  further. 


#  GCPs 
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South 
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MM 
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■flEl 

ii 

1/1 

5/2 
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20 
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20 
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mm 
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21 
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WM 
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■23 

MM 
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n 

EH 
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40 
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10/2 
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MM 

KOI 

MM 

wm 

8.1 

Table  3:  Interpolation  errors.  The  GCPs  were  located  in  one  or  two  scenes  at  the  ends  (south  and 
north).  Three  sets  of  GCPs  for  each  configuration  were  used;  the  RMS  error  of  the  three  is  reported. 
The  minimum  and  maximum  values  are  for  the  RMS  errors  calculated  on  a  scene-by-scene  basis.  The 
combined  error  is  the  RMS  of  the  along  and  across  track  errors. 
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Table  4:  Extrapolation  errors.  The  GCPs  were  located  in  scenes  at  one  end  of  the  pass,  north  or 
south.  Three  sets  of  GCPs  for  each  configuration  were  used;  the  RMS  error  of  the  three  is  reported. 
The  minimum  and  maximum  values  are  for  the  RMS  errors  calculated  on  a  scene-by-scene  basis.  The 
combined  error  is  the  RMS  of  the  along  and  across  track  errors. 


4  Conclusions 


When  good  quality  GCPs  with  a  uniform  distribution  are  used, 
it  is  possible  to  correct  a  pass  of  15  scenes  (900  km)  to  sub¬ 
pixel  accuracy  using  only  1/2  GCP  per  scene  on  average.  Using 
interpolation,  we  can  correct  13  scenes  containing  no  GCPs  to 
subpixel  accuracy.  We  can  extrapolate  control  located  in  one  or 
two  scenes  for  13  scenes  maintaining  subpixel  accuracy  in  the 
along  -track  direction,  and  losing  accuracy  at  the  rate  of  about 
4-5  m  per  scene  in  the  across  track  direction.  The  error  was 
typically  about  50  in  at  the  end  of  the  pass  opposite  the  control. 

In  summary,  pass  processing  applied  to  this  sample  of  15  SPOT 
PLA  scenes  gave  very  satisfactory  results  for  the  cases  of  uniform 
distribution  and  interpolation.  Extrapolation  was  less  accurate, 
reflecting  the  difficulty  of  this  kind  of  modelling.  Nevertheless, 
the  accuracies  obtained  using  extrapolation  would  probably  be 
quite  acceptable  for  many  applications. 
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Abstract 

A  simulation  model  for  testing  feature 
matching  and  target  extraction  operations  of 
low  altitude  radar  and  laser  targeting 
systems  is  described  which  runs  on  a  personal 
computer  (PC) .  The  model  creates  topographic 
maps  with  selected  roughness  and  translates 
the  map  data  into  angle  and  range  channel 
data  of  a  targeting  system.  Model  elements 
also  represent  noise  in  the  sensor  data 
channels.  Other  modules  apply  feature  and 
edge  extraction  algorithms  to  the  simulated 
channel  data.  A  second  channel  provides 
reference  data  for  correlation  processing  or 
for  computing  estimates  of  the  consecutive 
positions  of  the  sensor  platform.  (Key  words: 
radar,  sensor,  simulation,  mapping,  image, 
feature) 

1.  INTRODUCTION 

This  work  was  motivated  by  the  need  for 
a  test  environment  to  examine  the  behavior  of 
feature  matching  algorithms  (Rosenfeld,  VI, 
1982)  in  smart  missiles.  The  work  included 
the  design  of  the  simulation  model  components 
discussed  here  and  a  missile  dynamics,  Kalman 
filter.  The  model  was  constructed  to  provide 
a  tool  which  could  be  used  on  a  PC  with  a 
math  coprocessor  but  no  video  board  or 
similar  circuit  card  augmentation.  The  model 
provides  a  text  bed,  in  the  PC  environment, 
for  examining  the  behavior  of  different 
algorithms  and  operations  to  support  the 
target  tracking  processes  of  smart  missiles. 

2.  MODEL  COMPONENTS 

2  ».l.  Map_generaU.g.n 

The  model  operations  are  performed  on  a 
simulated  ground  map  which  represents 
profiles  through  a  topographic  map.  The  map 
is  built  on  a  data  field  of  uniform  random 
noise  which  is  then  smoothed  by  triangular 
weighting  windows  in  the  down  (y)  and  cross 
(x)  range  directions.  This  process  creates  a 
surface  cross-section  which  has  reasonable 
properties  in  terms  of  the  spatial 
correlation  of  the  ground  data. 


The  properties  of  the  map  are  set  by 
specifying:  the  extent  of  the  field,  the 
width  of  the  smoothing  window  in  x  and  y  and 
the  variance  of  the  map  contours.  A  ground 
feature  of  specified  width,  depth  and  height 
can  be  added  to  the  map  data  field 
(Rosenfeld,  V2,  1982).  The  map  generation 
module  does  not  consider  earth  curvature 
since  the  missile  system  operations 
represented  here  are  for  ranges  where  earth 
curvature  is  insignificant. 

2.2  Missile  position 

The  model  specifies  two  missile 
positions  in  terms  of  its  height,  cross  range 
and  down  range  location.  The  respective 
positions  can  be  used  in  a  control  loop  for 
the  vehicle  dynamics  or  to  compute  position 
to  position  error  signals  based  on  the 
results  of  the  feature  matching  operations. 

2.3  Sensor  parameters 

The  model  requires  that  antenna 
beamwidth  in  elevation  and  azimuth,  pointing 
angle  and  the  elevation  and  azimuth  antenna 
scan  regions  for  both  miosile  positions  be 
specified.  The  type  and  level  of  noise  in  the 
angle  and  range  channels  of  the  system  can 
also  be  specified  (Berkowitz,  1965). 

2.4  Translating  field  data  to  sensor  data 

The  map  of  x,  y  and  height  data  are 
translated  into  range  modulation  functions 
that  correspond  to  the  line  of  sight  signal 
returns  from  unobscured  terrain  and  ground 
features.  The  model  determines  the  ground 
range  and  interpolated  ground  height  on  the 
lines  connecting  lattice  points  which 
intersect  each  elevation  plane  emanating  from 
the  missile  position.  This  operation  uses  the 
sap  data  in  the  x  and  y  directions  interpo¬ 
lated  at  the  points  where  the  azimuth  track 
intercepts  the  map  grid.  The  interpolated 
height  values  from  the  map  are  tested  at 
progressively  smaller  depression  angles  to 
determine  whether  the  ground  point  on  the 
given  azimuth  track  is  obscured.  The  model 
then  determines  the  angle  and  slant  range  to 
the  visible  points.  The  slant  range  and  angle 
data  define  the  range  modulation  function. 
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The  range  modulation  function 
corresponds  to  the  range  data  from  the 
missile  sensor  in  the  absence  of  noise.  In 
the  actual  missile  operations  the  modulation 
function  is  contaminated  with  range  and  angle 
channel  noise.  Noise  is  added  to  the  range 
modulation  function  data  in  the  model  to 
simulate  the  actual  missile  sensor  data 
environment.  The  function  data  are  then  used 
to  determine  the  ground  height  as  a  function 
of  missile  position  and  slant  range  to  the 
ground.  Ideally  the  range  and  angle  channel 
data  would  provide  values  which  represent  the 
true  field  data  weighted  by  the  respective 
range  and  angle  apertures  of  the  sensor 
system.  The  model  does  not  yet  include  range 
and  angle  channel  signal  aperture  weighting. 
Figure  1  shows  the  operations  of  the  model . 

2.5  Feature  matching  operations 

The  model  contains  algorithms  to 
identify  man  made  ground  features.  The 
program  encouraged  the  use  of  algorithms 
which  were  simple  and  robust.  The  algorithms: 
emphasize  the  horizontal  and  vertical  feature 
elements  and  slopes,  compute  data 
intersections  for  the  various  feature  and 
slope  emphasis  operations,  apply  gradient  and 
Laplacian  filters  of  arbitrary  orders,  apply 
amplitude  weighted  filtering  using  a  priori 
feature  information,  and  perform  correlation 
matching  of  the  data  sets  obtained  from  the 
other  feature  matching  operations.  The 
correlation  function  operations  can  be  used 
to  determine  the  change  in  antenna  pointing 
angle  between  successive  data  observations. 
The  statistics  of  the  changes  in  antenna 
pointing  angle  between  respective  missile 
positions  provide  an  error  signal  to  support 
Kalman  filter  simulations  of  the  missile 
behavior. 

3.  EXAMPLE  SIMULATION  RESULTS 

3 . 1  Overview 

Figures  are  shown  for  data  fields  which 
have  respectively:  no  noise,  moderate  noise 
and  high  noise  levels  and  combinations  of 
ground  terrain  and  target  features  with 
varying  ratios  of  target  to  terrain  signal  to 
noise  energy.  Figure  2  shows  the  simulated 
ground  map  with  a  square  feature  in  the 
center  of  the  map.  Figure  3  shows  the  same 
ground  map  modified  by  adding  higher  energy 
wavenumber  components  which  overlap  those  of 
the  desired  target  feature.  This  ground  map 
is  an  example  of  a  feature  in  the  presence  of 
a  high  level  of  terrain  noise. 

Figure  4  shows  the  observed  map  field 
height  as  a  function  of  azimuth  and  elevation 
angie  tor  two  missile  positions.  The  two 
positions  are  displaced  in  elevation  by  10 
degrees  (the  depression  angle  axis  labeling 
refers  to  the  leftmost  data  set)  and  in 
azimuth  by  30  degrees.  Figure  5  shows  the  map 
heights  inferred  from  the  slant  range  and 
depression  angle  measurements  of  the  range 
modulation  functions  as  a  function  of  angle 
for  two  missile  positions. 


3.2  Noise  free  data 

Figures  6,  7  and  8  show  the  respective 
results  of  the  vertical  slope  emphasis, 
feature  intersections  and  noise  weighted 
operations.  Particular  points  to  note  are  the 
relatively  clear  feature  identification 
obtained  using  the  simple  algorithms  based  on 
edge  emphasis  and  data  weighting.  These 
results  are  expected  with  a  high  signal  level 
feature  in  a  low  terrain  noise  and  noise  free 
sensor  environment.  The  data  weighted 
operation  is  effective  because  it  uses  the 
target  feature  data  values  to  discriminate 
against  other  terrain  surfaces. 

3.3  Moderate  sensor  noise 

Figures  9,  10  and  11  show  the  height 
from  slant  range,  vertical  slope  emphasis  and 
noise  weighted  operations  for  the  case  of 
moderate  sensor  range  and  angle  channel 
noise.  The  noise  in  the  angle  channel  is 
uniformly  distributed  with  a  maximum  extent 
of  one  half  the  beamwidth  in  azimuth  and 
elevation.  The  range  channel  noise  is 
represented  by  a  uniformly  distributed  error 
with  a  10%  maximum  range  extent.  The  noise 
introduces  additional  spurious  feature 
components  to  the  vertical  slope  emphasis 
data  and  broadens  the  extent  of  the  noise 
weighted  data  operations.  The  range  channel 
noise  is  seen  by  the  system  as  high 
wavenumber  energy  similar  to  that  of  the 
target  feature. 

3.4  High  sensor  noise 

Figure  12  shows  the  effect  of  high 
sensor  range  channel  noise  on  the  data  after 
application  of  the  vertical  slope  emphasis 
algorithm.  Here  the  noise  in  the  angle 
channel  is  uniformly  distributed  with  a 
maximum  extent  of  a  beamwidth  in  azimuth  and 
elevation.  The  range  channel  noise  is 
represented  by  a  uniformly  distributed  error 
with  a  20%  maximum  range  extent.  A 
significant  number  of  spurious  feature 
components  are  present  due  to  the  higher 
channel  noise.  The  spurious  components  are 
primarily  due  to  the  lack  of  inherent  noise 
filtering  in  the  algorithms. 

3.5  Terrain  noise 

Figures  13  and  14  show  height  from  slant 
range  and  noise  weighting  where  the  terrain 
has  significant  energy  at  wavenumber 
components  which  overlap  those  of  the  desired 
target  feature.  The  poor  feature 
identification  reflects  feature  masking  due 
to  the  similarity  of  the  terrain  and  the 
target  feature,  of  the  operations  used,  the 
data  weighted  operation  is  moderately 
effective  because  by  using  the  information 
about  the  target  feature  properties 
(dimensions  in  this  example)  it  is  operating 
in  the  manner  of  a  coherent  detection 
process.  It  should  be  noted  that  other 
properties  of  the  ground  return,  such  as 
signal  polarization,  might  also  be  used  to 
obtain  additional  levels  of  target 
discrimination. 


The  algorithm  operations  applied  above 
were  oriented  to  each  individual  field  of 
inferred  height  data.  To  determine  position 
changes  in  the  missile  from  one  data  frame  to 
another,  we  calculate  the  two  dimensional 
correlation  function  of  data  which  has  been 
operated  on  by  some  of  the  feature 
enhancement  algorithms.  Figure  15  shows  the 
result  of  correlating  the  intersections  cf 
the  horizontal  and  vertical  feature  emphasis 
operations  for  the  two  missile  positions.  The 
data  are  based  on  the  moderate  noise  level  of 
one  half  a  beamwidth  in  angle  and  10%  in 
range.  The  correlation  operation  correctly 
identifies  the  elevation  (10  degrees 
depression)  and  azimuth  angle  (30  degrees) 
displacements  between  the  two  missile 
positions.  The  data  demonstrates  the  benefit 
of  the  additional  computational  costs  of  the 
correlation  processing. 

4.  CONCLUSIONS 

A  simulation  model  for  testing  feature 
matching  and  target  extraction  operations  of 
low  altitude  radar  and  laser  targeting 
systems  has  been  developed  which  operates  on 
a  PC.  The  model  includes  modules  for  creating 
topographic  maps  with  selected  roughness  and 
translating  the  map  data  into  angle  and  range 
channel  data  of  the  sensor  targeting  system. 
Modules  were  developed  which  represent  noise 
in  the  channels  of  the  sensor  system.  Other 
modules  apply  feature  and  edge  extraction 
algorithms  to  the  simulated  channel  data.  A 
second  system  channel  represents  a  reference 
channel  of  external  map  data  for  correlation 
processing  or  consecutive  estimates  of  the 
position  of  the  sensor  platform. 

The  model  is  programmed  for  the  MS-DOS 
environment  of  an  XT  or  AT  class  personal 
computer.  Thus  it  is  limited  to  relatively 
coarse  representations  of  the  ground  feature 
maps  and  the  number  of  data  cells  used  to 
represent  each  sensor  data  field.  In  spite  of 
these  restrictions  the  model  is  useful  in 
representing  the  qualitative  and  quantitative 
behaviors  of  various  sensor  systems  and 
feature  extraction  algorithms. 
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IMAGE  ANALYSIS  ON  A  MACINTOSH  II. 
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ABSTRACT 

Current  research  in  remote  sensing  is  directed  towards 
understanding  the  relationship  between  image  data  and  the 
physical  features  they  represent.  The  Macintosh  II  provides  a 
framework  by  which  these  relationships  can  be  explored, 
implemented  and  tested  quickly.  Enhancements,  filtering,  image 
transformations  and  other  image  display  functions  allow  for 
visual  exploration  of  the  image  data.  Numerical  exploration  is 
facilitated  through  statistical  measures  and  graphs. 
Implementation  of  new  and  existing  algorithms  using  numerical 
analysis  programs  allows  the  researcher  to  minimize  the  time 
between  the  idea  and  result.  Rigorous  quantitative  analysis  can 
be  supplemented  with  visual  presentation  either  as  images  or 
graphs.  This  combined  visual  and  numerical  approach  and  ease 
of  movement  between  visual  and  numerical  presentation, 
promotes  the  willingness  to  explore.  In  this  presentation  we 
illustrate  image  processing  and  analysis  capabilities  of  the 
Macintosh  II  with  a  specific  illustration  of  development  and 
tesdng  of  texture  algorithms  for  SAR  sea  ice  classification  We 
conclude  with  suggestions  for  stand-alone  and  networking 
configurations. 

Keywords:  Image  analysis  system,  Macintosh  II,  SAR, 
Texture  algorithms. 


INTRODUCTION 

In  remote  sensing  applications  research  human 
interpretation  is  often  necessary  to  assist  computers  identify 
features  of  interest.  Feature  identification  usually  consists  of 


defining  either  deterministic  or  probablistic  descriptors. 
Developing,  testing  and  evaluating  these  descriptors  is  what 
keeps  most  of  us  employed. 

Spatial  and  radiometric  characteristics  of  modem  digital 
imagery  place  limitations  on  the  computing  power  required  for 
image  analysis.  Undl  recently  hardware  requirements  meant  that 
image  analysis  was  available  only  to  those  with  enough 
resources  to  afford  expensive  image  processing  systems.  With 
recent  increases  in  processing  and  storage  capacity  of 
microcomputers,  image  processing  is  now  available  to  a  much 
more  diverse  group  of  scientists. 

In  this  paper  we  present  use  of  the  new  generation  of 
Macintosh  computers  (Macintosh  II,  Macintosh  IIx  and 
Macintosh  Ilex1)  as  typical  examples  of  the  evolution  of  the 
microcomputer  into  the  arena  of  image  processing.  These 
computers  (hereafter  referred  to  collectively  as  Mac  II)  are 
particularly  well  suited  for  this  work  because  of  the  intuitive 
interface  which  allows  efficient  manipulation  of  image  data  for 
both  qualitative  and  quantitative  analysis. 

IMAGE  PROCESSING  ON  THE  MAC 

The  image  analysis  system  we  describe  is  in  use  at  the 
Earth  Observations  Lab,  Institute  for  Space  and  Terrestrial 
Science;  we  offer  it  as  a  model  from  which  further  development 
is  encouraged.  Changes  from  our  configuration  are  premised  on 
the  current  state  of  software  development  and  individual 
requirements  of  the  applications  research.  We  currently  use  two 
Mac  II's  for  image  processing.  Although  multispectral 


1  Macintosh  II,  Macintosh  IIx  and  Macintosh  Ilex  are  trademarks  of  Apple 
Computer. 
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File  Edit  Tools  Image  Transform  Gray  Maps 

I  Earth  Observations  Lab. 
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:  IMAGE  PROCESSING  CONFIGURATION 
[  MULTIFINDER  AND  ETHERNET  DISKS 


Figure  1.  Illustration  of  Mac  II  image  processing.  Four  programs  are  shown  running  under  Multifinder. 


processing  is  possible,  our  applications  have  been  limited  to 
single  band  images  because  of  the  limited  capacity  of  certain 
software  programs  to  handle  large  files. 

Our  image  processing  software  consists  of  an  image 
diiplay/manipulation  program  (Digital  Darkroom1),  numerical 
analysis  programs  (Excel2  and  Mathmatica3 4 * *),  statistical  analysis 
programs  (Systat^  and  Statview  512+5);  an(j  a 
graphics/statistical  analysis  program  (Data  Deskfy.  In  a  typical 
analysis  session  the  desired  programs  would  be  assigned  a 
portion  of  the  available  RAM  and  are  cooperatively  multitasked 
using  Multifinder7.  A  prerequisite  to  manipulation  of  data  in 
these  different  software  packages  is  format  interchange 
software  Most  graphical,  statistical  and  numerical  programs 
accept  ASCII  format,  so  this  was  used  as  an  interchange 
standard  To  illustrate  use  of  the  Mac  II  for  image  processing 
we  provide  the  following  example. 


1  Digital  Darkroom  is  a  registered  trademark  of  Silicon  Beach  Software,  Inc. 

2Excel  is  a  trademark  of  Microsoft  Corp. 

^Mathematical  is  a  trademark  of  Wolfram  Research  Inc. 

4Systat  is  a  trademark  of  Systat  Inc. 

^Statview  512+  is  a  trademark  of  Brainpower,  Inc. 

6 Data  Desk  is  a  trademark  of  Odesa  Corp. 

7Multifindcr  is  a  trademark  of  Apple  Computer 


SAR  Sea  Ice  Analysis 

In  this  application  we  used  the  Mac  II  to  create,  test  and 
evaluate  Grey  Level  Co-occurrence  Matrices  (GLCM)  for 
discrimination  of  sea  ice  types.  These  matrices  are  a  means  of 
obtaining  textural  information  from  different  image  features, 
and  are  typical  of  many  spatial  analysis  approaches  to  feature 
discrimination.  A  GLCM  is  calculated  at  an  interpixel  spacing 
variable  (5)  and  orientation  variable  (a)  over  the  entire 
homogeneous  texture  class.  For  each  pixel  in  the  class,  at  grey 
level  i,  the  algorithm  records  the  grey  level  for  pixel  j  which  is 
oriented  at  8  and  a  from  i.  The  frequency  of  occurrence  of  these 
pixel  pairs  at  grey  levels  (i  j)  are  normalized  to  reflect  the 
probability  distribution  for  the  co-occurrence  of  all  pixel  pairs  at 
grey  levels  i  and  j  for  each  set  of  variables  5  and  a.  A  variety  of 
statistics,  derived  from  the  GLCM,  provide  point  estimates  of 
image  texture  which  are  then  compared  between  different 
features  (Haralick.  1986).  The  utility  of  the  Mac  II  comes  in 
rapid  tum-around  between  the  idea,  implementation,  testing,  and 
reporring.  The  speed  of  this  integrated  system  and  ease  of  use 
will  be  apparent  to  those  familiar  with  the  Macintosh  interface  or 
those  who  see  this  system  in  operation. 

We  wish  to  interpret  a  SEASAT  SAR  image  of  the 
Beaufort  Sea  (CRAGTAG1  #RD2825),  consisting  of  978  lines 
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by  964  pixels  (Fig  1)  for  classification  of  ice  type.  Each  ice 
class  of  interest  is  identified  from  the  ground  confirmation  data. 
We  intend  to  describe  the  differences  between  these  classes 
using  point  estimates  from  various  texture  statistics..  The  data 
from  a  homogeneous  texture  classes  is  selected  in  Digital 
Darkroom  (Fig  1).  The  format  interchange  software  allows  us 
to  move  from  the  image  to  all  other  programs  currently  running 
under  Multifmder.  Summary  statistics  are  calculated  in  Statview 
512+,  on  the  homogeneous  texture  class.  In  this  same  program 
we  have  access  to  many  univariate  and  multivariate  statistical 
analysis  tools.  The  statistics  program  also  has  a  useful  graphics 
component  which  we  use  to  conduct  exploratory  analysis,  such 
as  Principal  Components  Analysis  or  Multiple  Discriminant 
Analysis  (Barber  et  al.  1989). 

In  Excel  a  Grey  Level  Co-occurrence  Matrix  (GLCM)  is 
calculated  for  the  ice  class.  Development  of  the  algorithms  to 
produce  the  GLCM,  and  the  statistics  derived  from  each  GLCM 
are  programmed  using  a  Macro  language  built  into  Excel.  The 
Macro  language  is  a  high  level  programming  environment  which 
is  interpreted  rather  than  compiled.  It  is  easy  to  implement 
analysis  routines,  but  the  processing  speed  is  slower  than 
complied  programs.  We  recommend  using  Macros  for 
development  and  esting  of  analysis  ideas,  not  for  production 
oriented  image  processing. 

Once  the  GLCM  calculations  are  complete  the  results  can 
be  displayed  graphically  or  numerically.  We  show  an  example 
of  a  three  dimensional  surface  plot  of  the  GLCM  (Fig  I).  This 
plot  can  be  rotated  and  provides  insights  into  the  differences  of 
each  icc  class  in  texture  (or  GLCM)  space.  Graphical  displays 
are  particularly  useful  when  evaluating  the  outcome  of  a 
processing  routine,  or  comparing  the  statistical  characteristics  of 
different  image  features.  The  other  useful  method  of  displaying 
results,  is  to  convert  the  numerical  data  back  into  an  image 
display  format  (part  of  the  format  conversion  software)  to  view 
the  results  as  an  image. 

Many  ideas  will  not  evolve  if  implementation  is  time 
consuming  or  tedious.  The  most  significant  contribution  of  the 
Mac  II,  in  remote  sensing  applications  research,  is  not  the 
variety  of  operations  that  can  be  performed,  but  rather  its  ease  of 
use.  This  efficiency  promotes  exploration,  thereby  challenging 
us  to  test  our  ideas  in  a  structured  analysis  environment. 

SUGGESTED  CONFIGURATIONS 
Standalone 

We  recommend  the  following  configuration  if  the  MAC 
II  is  to  be  used  as  a  stand  alone  system  for  remote  sensing 


applications  research: 

•  A  minimum  of  four  megabytes  (MB)  of  RAM. 

•  A  minimum  of  40  MB  -if  hard  disk  storage  (80 
MB  is  highly  recommended  for  researchers 
working  with  large  images). 

•  A  backup  system  capable  of  fast  backup  and 
retrieve. 

•  A  minimum  8  bit  video  resolution  and  a 
minimum  13  inch  display. 

•  Format  conversion  programs  are  necessary  to 
incorporate  data  from  standard  digital  image 
formats  (eg.  LGSOWG1). 

Networking 

At  the  Earth  Observations  Lab  we  use  a  variety  of 
computer  systems  for  remote  sensing  and  geographic 
information  system  research  (Fig  2).  To  effectively  utilize  the 
capabilities  of  the  Macintosh  we  have  connected  them  to  a 
campus-wide  ethemet  network.  The  speed  and  flexibility  of  the 
ethemet  allows  us  to  transfer  ar.  entire  Landsat  Thematic  Mapper 
quadrant  (7  bands)  from  one  machine  to  another  in 
approximately  one  minute.  We  use  the  tools  available  on  the 
Macintosh  to  implement  and  evaluate  analysis  procedures.  If 
results  warrant,  the  analysis  algorithms  are  ported  to  our  SUN 
or  MicroVAXes  for  implementation  on  a  more  production- 
oriented  system. 

The  sharing  of  resources  between  systems  is  equally  as 
important  as  the  data  transfer.  For  example,  since  the  disks  on 
the  Mac  ITs  are  relatively  small,  we  partition  a  section  of  the 
large  disks  on  the  MicroVAX-II/GPX  for  access  by  the 
Macintosh  across  the  network.  From  the  Mac  II  side,  this 
partition  looks  like  a  locally  mounted  hard  disk  (Fig  1),  from 
which  the  Macintosh  can  read  files  directly.  The  major  obstacle 
which  must  be  overcome  for  truly  effective  integration  is  the 
way  in  which  the  data  are  formatted  on  each  machine.  Even  on 
the  same  machine,  different  programs  require  the  data  to  be 
specified  in  unique  formats.  Until  truly  universal  standards  are 
developed  and  adhered  to  by  software  designers,  there  will 
always  be  a  need  for  data  conversion.  The  transfer  of  data 
Iwtween  systems  thus  becomes  a  two-step  operation:  copy  the 
data  across  the  network,  and  translate  it  into  an  appropriate 
format  We  are  currently  developing  a  'wagon  wheel'  file  server 
where  the  hub  is  a  common  file  format  and  each  spoke 
represents  a  translation  capability  to  and  from  other  tile 
organizations. 
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In  either  a  stand  alone  or  network  configuration  a  variety 
of  peripherals  are  available.  Monochrome  and  color  video 
digitizers  allow  importing  of  video  images  into  the  computer  at 
video  frame  rates  (1/30  sec.).  The  ability  to  digitize  video 
imagery  has  benefits  which  range  from  quantitative  analysis  of 
airborne  multispectral  or  thermal  video  (Barber  a  al.  1989),  to 
digitizing  textural  or  tonal  images  as  standards  on  which  to 
evaluate  image  analysis  algoritluns.  Output  to  hardcopy  devices 
is  important  for  working  copies  of  image  analysis, 
presentations,  and  publication  in  technical  and  journal  reports. 
Color,  black  and  white,  and  slide  presentation  output  devices 
provide  hardcopy  from  draft  to  publication  quality,  in  a 
surprising  variety  of  formats  and  price  ranges. 

CONCLUSIONS 

The  Macintosh  II,  IIx  and  Ilex  are  the  first  members  of 
the  Macintosh  family  to  allow  image  processing  of  remotely 
sensed  images.  The  friendly  interface  and  large  base  of 
commercial  software  make  it  possible  to  make  simultaneous  use 
of  a  variety  of  programs  under  Multifinder,  to  conduct  image 
analysis  It  should  be  noted  that  the  Mac  II  in  tills  configuration 
is  intended  for  research  purposes.  We  do  not  intend  the 
Macintosh  to  be  a  production  facility  where  computet  intensive 
analysis  is  conducted.  The  strength  of  this  system  is  in  allowing 
the  applications  research  scientist  to  formulate,  initiate,  test  and 
evaluate  their  ideas  with  a  minimum  investment  of  time. 


At  an  entry  level  hardware  cost  of  $10,000,  and  a  typical 
software  applications  costs  of  between  $300  and  $500,  the  Mac 
II  represents  a  new  research  tool  which  brings  image  analysis  to 
a  larger  and  more  diverse  group  of  research  scientists.  It  is  the 
willingness  to  explore  and  accessibility  to  more  scientists  which 
makes  the  Mac  II  an  important  addition  to  the  growing  number 
of  tools  available  to  our  profession. 
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Modeling  the  Effects  of  Rain  on  Communications  and  Remote  Sensing  Systems 

Robert  K.  Crane,  Thayer  School  of  Engineering 
Dartmouth  College,  Hanover  NH  03755,  USA 

Rain  on  a  communication  path  may  disrupt  its  operation.  Rain  may  be  the  object  to 
be  sensed  by  a  remote  sensing  system  or  may  disrupt  the  operation  of  the  system.  In  either 
cuse,  the  effects  of  the  rain  must  be  estimated  statistically  to  provide  information  for  system 
design.  Two  aspects  of  the  rain  problem  are  considered,  the  estimation  of  the  statistics  of 
the  intensity  of  rain  at  a  single  geographical  location  (ie  a  point  on  a  communication  path) 
and  the  estimation  of  the  joint  statistics  of  rain  at  two  geographical  locations  separated  by 
up  to  100  km  (needed  to  estimate  the  spatial  extent  of  the  rain  along  a  communications  path 
or  within  the  resolution  volume  of  a  remote  sensing  system). 

Two  approaches  have  been  used  for  the  estimation  of  point  rain  rate  statistics,  one 
employing  raw  climate  regions  and  the  other  using  local  meteorological  data  to  construct 
rain  rate  distribution  estimates.  Both  approaches  are  empirical.  For  the  fotmer,  empirical 
rain  rate  distributions  are  pooled  from  the  limited  number  of  observations  made  within  a 
climate  region  and  for  the  latter  a  number  of  years  of  observations  at  a  single  location  arc 
needed  to  provide  a  statistically  stable  estimate  of  the  rain  rate  distribution.  In  practice, 
long  time  interval  data  sets  are  not  available  and  either  the  data  have  been  pooled  from  a 
climate  region  or  large  errors  In  the  distribution  estimates  have  been  tolerated  (often 
unknowingly).  From  the  available  rain  rate  distribution  observations,  it  is  evident  that  for 
mid-latitude  locations,  the  use  of  rain  climate  regions  (pooled  data)  is  preferable  to  local 
data  if  the  measurements  at  a  location  span  a  period  of  less  than  2  years. 

The  estimation  of  the  Joint  distribution  for  the  simultaneous  occurrence  of  rain  at  two 
spatially  separated  locations  is  difficult  because  the  rain  rate  process  is  nonstationary  for 
short  time  or  spatial  scales.  Analyses  of  weather  radar  observations  show  that  the  sputial 
fluctuations  in  rain  rate  can  be  modeled  by  a  two-dimensional  turbulent  process  with  an 
outer  scale  of  the  order  of  250  km.  Working  with  a  spatial  domain  larger  than  the  outer 
scale,  a  spatial  correlation  correlation  function  can  be  uniquely  defined  for  the  rain  process. 
The  correlation  distance  (1/e)  for  the  rain  process  is  15  km.  The  spatial  correlation  function 
does  not  change  from  day-to-day  or  locadon-to-location.  The  temporal  correlation  function 
for  the  rain  process  is  not  defined  for  time  scales  corresponding  to  the  time  required  for  the 
rain  process  to  move  by  an  amount  equal  to  the  spatial  correlation  distance. 
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ABSTRACT-  Electromagnetic  propagation  through  a  sparse 
distribution  of  lossy  dielectric  particles  in  a  cloud 
is  investigated.  Mathematical  model  is  developed  to  aid 
in  the  interpretation  of  the  interactions  data  obtained 
by  electromagnetic  remote  probing  of  mixed  ice  crystals 
and  waterdrop  clouds.  Such  clouds  can  contain  many 
possible  crystals  forms,  most  notably  thin  long  cylin¬ 
ders,  bullets  and  flat  plate  crystals. Bistatic  reflec¬ 
tivity  and  attenuation  are  computed  ,for  waves  of  selec¬ 
ted  polarizations  passing  through  clouds  with  specified 
size,  shape,  and  distributions. 

Keywords :Radiowave  propagation.  Stochastic  cloud  model. 
Multiple  scattering. 

1.  INTRODUCTION 

The  increasing  demand  for  communications  is  cau¬ 
sing  frequency-spectrum  congestion.  A  problem  in  using 
short  microwave  or  millimeter-wave  bands  for  communica¬ 
tions  purposes  exists  in  that  strong  interactions  can 
occur  between  such  radio  waves  and  atmospheric  hydrome¬ 
teors  (e.g.  rain,  snow  and  ice  crystals),  that  signifi¬ 
cantly  degrade  the  communications  quality  at  freouenci- 
es  above  about  5  GHz. 

Because  of  the  small  less  tangent  of  ice  at  the 
frequency  range  of  30-S0  GHz,  significant  depolarizati¬ 
on  of  satellite-ground  communication  signal  in  this 
frequency  range  could  occur  when  cirrus  cloud  is  present 
in  its  path. High-altitude  cirrus  cloud  consists  basicly 
of  ice  needles  and  plates(l).  It  is  therefore  necessary 
to  establish  a  model  capable  of  predicting  the  behavi¬ 
our  these  systems.  Because  of  the  complexity  and  random 
behaviour  of  the  different  factors  involved  in  the  phy¬ 
sical  process  or  clouds,  it  is  auite  difficult  to  fin'd 
a  model  which  is  simple  and  at  the  same  time  sufficen-- 
tly  precise. 


respectively.  Actual  ice  crystals  and  snowflakes  have 
a  huge  variety  of  possible  shapes.  The  circular  disks 
and  cylinders  represent  an  average  over  these  shapes, 
and  averaged  over  all  orientations. 

2. PROBLEM  FORMULATION 

We  consider  the  problem  of  scattering  of  time  har¬ 
monic  electromagnetic  wave  from  N  discrete  lossy  dielec¬ 
tric  scatterers  which  have  random  position  and  orienta¬ 
tion  in  a  volume  V.  The  particles  have  a  volume  V  ,  a 
relative  dielectric,  constant er and  densityp  .  p 
The  surronding  medium  is  considered  to  be  free  space  as 
in  (2).  In  this  way,  one  can  obtain  a  mean  field  eouati- 
on  from  Maxwell's  eouations,  assuming  the  incident  field 
on  each  scatterer  is  the  mean  field  (Foldy  approximation) 
and  sparse  distribution  of  particle  which  indicate  frac¬ 
tional  volume  (<5=pvp)is  very  small.  In  the  derivation 
of  this  result  the  assumption  was  made  that  the  plane 
wave  is  scattered  only  once  (single  scattering)  by  the 
particles.  This  assumption  is  unrealistic,  since  the 
wave  may  be  scattered  several  times  by  the  particles 
before  reaching  receiver.  When  the  scattering  coeffici¬ 
ents  of  the  particles  and  the  particle  density  are  small 
contributions  to  the  scattered  wave  by  second,  third, 
and  higher-order  scattering  may  be  ignored.  There  are 
cases,  however,  where  the  scattering  coefficients  of  the 
scatterer  are  iaroe  and  the  multiple  scattering  contri¬ 
butions  cannot  be  ignored. 

The  resulting  approximate  dyadic  mean  field  and 
effective  permittivity  are  given  by  (2). 


B(x)=ei!i-2eY(x)f(i,i)  (1) 

with 

Y(x)=--2--  /f°ut  p(s)d5  x  eV  (2) 

*0  sin 


The  widening  interest  in  the  scattering  problem 

for  flnnl  iraHAnc  frn  r»'flcc-rrtla*'i79t^An  *•  4 

r  r  "  -  *  -  •*  -  r  “  ■  v  vv«  ■  >.vviviij  w 

dual  polarized  links,  as  well  as  other  applications, 
indicates  a  need  for  a  more  indepth  understanding  of 
the  theory  behind  the  conventional  approach.  This  pa¬ 
per  presents  a  systematic  formulation  of  the  problem  of 
scattering  from  a  sparse  distribution  of  arbitrary  sha¬ 
pe  in  a  random  medium  such  as  in  clouds .The  cloud  mo¬ 
del  as  we  describe  represents  an  initial  step  in  mode¬ 
ling  real  mixed  phase  clouds.  The  cloud  is  taken  to  be 
a  mixture  of  scatterers.  Thin  circular  cylinders  and 
disks  represent  either  ice  crystals  or  snowflakes 


and 


e(f)=It  - w -  p  £  (i,i) 

~  -  K  = 


(3) 


where  ko=wni0e0  is  the  free-space  propagation  constant, 
is  the  average  of  the  forward  dyadic  scattering 
amplitude  of  the  hydioiueteors  with  given  shape  and  die¬ 
lectric  constant.  The  average  is  taken  over  appropriate 
distribution  variables  such  as  size  and  canting  angle. 


In  order  to  write  the  components  of  E,  we  first 
examine  (2).  The  density  is  a  slow  varying  function  of 
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position  and  hence  we  take  it  as  approximately  constant 
and  take  it  out  of  the  integral  in  (2).  Now  £ j^°o Ut)df; 

is  simply  the  effective  path  length  travelled  by  the 
wave  inside  the  cloud.  We  call  this  pathlength  L.  Also 
i.x  is  equal  to  the  path  length  traveled, L.  The  compo¬ 
nents  may  be  written  as 

2nc 

Eag=eiKagL  -et(  -  £J6.  kQ)L  a,8e(h,v)  (A) 

Here  Kag  is  the  effective  propagation  coefficient  and 
is  given  by 

v  -w  4-  2np  . 

a8  "  o  kQ  08  o,8e(h,v)  (5) 

In  a  region  containing  a  population  of  aligned  ice  cry¬ 
stals 

Kv,h=k0+  <7  fv,h  n<a>da  W 

Here  the  forward  scattering  amplitudes  fy  and  f depend 
on  the  incident  angle,  and  on  the  effective  particle 
radius  a;  n(a)  da  is  the  number  of  particles  per  cubic 
meter  with  radii  between  a  and  a+da.  The  difference 
between  Kv  and  Kj,  varies  with  incidence  angle  in  the 
same  manner  as  f  -f],. 

The  attenuation,  and  phase  rotation  arc  given  as 

Im  (Kv>h)x  103  dB/km  (7) 

$v,h- — ^ —  Re  (Kv,h)  x  lo3  deg/km  (8) 

In  this  model  it  is  assumed  that  the  drop  axes 
align  with  the  polarization  directions,  so  no  cross 
polarization  in  this  coordinate  system.  Thus,  the  pro¬ 
pagation  coefficients  are  given  in  the  preferred  direc¬ 
tions  where  no  coupling  exists. 

In  the  physical  problem,  the  drops  will  not  in  ge¬ 
neral  align  this  way.  Actually,  it  is  the  representati¬ 
ve  drop  in  its  representative  orientation  we  are  dealing 
with,  and  in  general,  this  drop  will  not  aligh  with  the 
polarization  directions.  We  may  rotate  to  the  preferred 
direction  where  cross  terms  are  not  zero. 

The  general  form  of  the  propagation  coefficient  in 
the  preferred  frame 


between  the  two  Chanels  through  depolarization  caused 
by  hydrometeors  can  sevcrelly  restrict  the  utility  of 
these  "frequency  reuse"  systems.  The  depolarization  ef¬ 
fect  has  thus  attracted  the  concern  of  recent  investi¬ 
gators,  and  the  extensive  theoretical  studies  have  made. 
The  degree  of  depolarization  may  be  represented  by  the 
ratio  of  cross-polarized  to  copolarized  signals  at  the 
receiver.  We  may  define  two  kinds  of  cross-polarization 
factors.  They  are  the  cross-polarization  discrimination 
(XPD)  and  the  cross-polarization  isolation  (XPI).  We 
can  obtain  these  factors  from  out  theory,  for  example 


XPD  is,  (3) 


XPD„  =  v 

a  -  E 


'a  8 


(13) 


Where  a(h,v)  and  8  is  the  other  polarization  directions 
Thus,  we  have  for  h  polarization 


l-o 


XPDh  = 


(X--  Xf  )Y 


X*~^hh  g  (x-  -  x+>Y 


(1A) 


X"  -  f. 


hh 


It  is  required  to  determine  the  bistatic  cross 
section  of  disk  and  cylinder  Following  the  conventio¬ 
nal  definationjtv^  is  defined  in  terms  of  the  scatte¬ 
ring  amplitude  with  polarisation  in  the  p  direction  due 
to  an  incident  wave  with  polarization  q  as  follows: 

°bp;q=*MP  -I  >L  (15) 

where  f  (0.  ,  i,  ,  q)  is  given  by  refs.  (A)  and  (5). 

The  total  scattering  by  the  assemblage  is  defined 
in  terms  of  the  reflectivity,  Zpq  ,  given  by 

zpq  =  !  °bPq  <a0>  N  <a0>  da  (16> 

where  ob  (aQ)  is  the  bistatic  cross  section  of  a  sing¬ 
le  hydrometeor  of  cquivolume  radius  aQ  ,  and  N  (ag)  is 
the  size  distribution  function  of  particle. 


3. NUMERICAL  CALCULATIONS 


The  scattering  problems  discussed  have  been  analy¬ 
zed  numerically  in  this  section.  Before  doing  this,  how¬ 
ever,  it  will  be  necessary  to  have  the  dielectric  cons¬ 
tant,  for  the  hydrometeors. 


Kw  =~ 

~TT — 

(9) 

Khh  = 

0 

Uo  VMc 

(10) 

*o  0 

whg  r  e_ 


i  f 

bh  vv 


(fhh  -W2  +  4fhvfvh\/2 


(11) 


Using  these  results  we  can  make  the  final  analogy 
to  the  conventional  approach,  relating  the  transmitted 
fields  to  the  incident  fields. 


ahh 


'H’h 


“hv 


(12) 


Ray  (6)  carefully  examined  the  existing  measure¬ 
ments  made  by  many  investigators  at  various  frequency 
and  temperature  ranges  and  obtained  an  empirical  model 
of  the  complex  refractive  index.  According  to  Ray's  mo¬ 
del  the  real  part  of  N  (N=/c)  takes  a  nearly  constant 
value  of  1.78  independently  of  both  frequency  and  tem¬ 
perature,  and  the  imaginary  part  (the  loss)  takes  an 
extremely  small  value  as  0.036. 

Snow  particles  are  the  complicated  mixtures  of  ice 
with  air,  water,  or  both.  The  mixing  rate  and  the  shapes 
of  the  constituents  may  vary  considerably  depending  on 
external  meteorological  conditions  to  which  snow  partic¬ 
les  are  exposed.  The  dielectric  constants  obtained  by 
the  above  work  have  been  used  in  the  following  calcula¬ 
tion. 


This  is  the  same  equation  as  in  Brussard  (3).  It 
relates  the  transmitted  fields  to  the  incident  fields 
given  by  the  last  term  on  the  right  of  equation  (12). 

New  microwave  or  millimeter  communication  systems 
are  designed  to  use  dual-polarization  channels  in  order 
to  increase  communication  capacity  without  increasing 
bandwidth.  It  is  possible  that  the  interfering  crosstalk 


In  the  numerical  work,  two  different  media  were 
considered  The  first  medium  consists  solely  of  disk-sha¬ 
ped  ice  particles  with  radii  ranging  from  100  Mm_to  3. 6mm, 
with  a  constant  thickness/diameter  ratiosO.l.  The  second 
medium  consists  solely  of  cylinder-shaped  ice  particles 
with  radii  ranging  from  10  b  m  to  360  (i  m  with  a  cons¬ 
tant  length/diameter  ratio=  10.  The  particles  are  assu¬ 
med  to  be  aligned  and  lying  in  the  horizontal  plane  (7). 
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Two  different  size  distribution  functions  were  as¬ 
sumed  for  each  medium  model  (3,8).  The  first  size  dist¬ 
ribution  is  a  negative  exponential  size  distribution, 
and  the  second  size  distribution  is  uniform.  In  both  ca¬ 
ses,  the  particle  concentration  is  constant  and  10®  par¬ 
ticles/m®  .  A  total  of  foiir  models  of  scattering  media 
were  studied  They  are; 

Disk  ensemble:  1)  a  negative  exponential  size  dist¬ 
ribution  ,  2)  a  uniform  size  distribution.  Cylinder  en¬ 
semble:  3)  a  negative  exponential  size  distribution  4) 
a  uniform  size  distribution. 

The  exponential  size  distribution  is  obtained  by 
using  10  pairs  of  values  The  radius  values  form  a  geo¬ 
metric  sequence  with  the  first  term  equal  to  the  smal¬ 
lest  diameter  and  the  10th  term  aqual  to  the  largest 
diameter  in  the  distribution.  The  concentration  for  each 
of  these  radius  values  is  1000  m-3.  The  integrations  in 
eqs.  (6)  and  (16)  are  approximated  by  calculating  the 
scattering  amplitudes  for  these  radius  values,  weghting 
them  by  corresponding  concentrations  and  summing  them 
over  all  ten  radius  values.  For  the  cylinder  ensemble, 
che  smallest  radius  is  taken  to  be  10  Um  and  the  largest 
is  320  pm.  These  values  correspond  to  the  radius  distri¬ 
bution 

nce(a0)  =  (1.21x10®)  exp  ( 6.93xlO®.a0)m"®.nf ®  (17) 

where  the  subscript  ce  stands  for  "cylinder,  exponenti¬ 
al". 


For  the  disk  ensemble,  the  following  exponential  ra¬ 
dius  distribution  was  used 

nggfao)  =  (1.21x10®)  exp  (6. 93x10®. aQ)  m-®.nf®  (18) 

The  uniform  distribution  used  for  the  cylinder  en¬ 
semble  is 


r-2.86xl06  m'®.  nfl  for  10“®m<  ag<  3.6xl0-®m 

ncu(a0^  = 

'-0  otherwise  (19) 

and  for  the  disk,  it  is 


2.86x10® 

0 


m-3.m“i  for  10~®ra  <3q<  3.6xl0“®m 
otherwise  (20) 


The  bistatic  reflectivities  obtained  for  the  disk 
ensemble  are  shown  in  Figure  1.  The  reflectivities  Z^ 
for  horizontal  polarization  show  a  periodic  variation 
with  maxima  in  the  forward  and  backward  directions.  The 
reflectivity  for  vertical  polarization  Zvv  is  fairly 
constant  for  exponentially  distributed  radii.  For  uni¬ 
formly  distributed  radii,  a  maximum  in  the  forward  di¬ 
rection  and  a  minimum  in  che  backward  direction  exist 
in  ZVy  .  The  Zvv  values  are  larger  than  Zhh  values  for 
che  disk  ensemble. 


For  a  cylinder  ensemble,  the  reflectivities  for 
horizontal  polarization  show  a  peridodic  variation  si¬ 
milar  to  that  of  the  disk  ensemble.  The  vertical  ref¬ 
lectivities  are  fairly  constant,  but  they  are  smaller 
on  the  average  than  horizontal  reflectivities  Figure 
2  shows  the  reflectivities  for  the  cylinder  ensemble. 

The  reflectivity  calculations  were  made  in  the  Ray¬ 
leigh  region.  The  results  were  qualitatively  compared 
With  published  results.  The  following  comments  can  be 
made: 


1.  The  bistatic  reflectivities  of  a  medium  contai¬ 
ning  aligned  disk  or  cylinder  scatterers  show  a  similar 
angular  variation  pattern  to  those  of  a  rain  medium  in 
the  Rayleigh  regime  calculated  by  Charlton,  Holt  and 


Evans  (9) . 

2.  The  reflectivity  for  vertical  polarization  rema¬ 
ins  fairly  constant  with  scattering  angle  for  both  the 
cylinder  and  disk  scatterers,  while  the  reflectivity 
for  horizontal  polarization  has  peaks  in  the  forward 
and  backward  scattering  directions. 

3.  The  reflectivity  of  a  disk  ensemble  for  vertical 
polarization  is  roughly  six  times  larger  than  that  for 
horizontal  polarization  wave.  In  the  case  of  a  cylinder 
ensemble  the  reflectivity  for  horizontal  polarization 
has  a  maximum  value  about  three  times  that  for  vertical 
polarization.  Such  a  large  difference  in  maximum  of  ref¬ 
lectivities  for  horizontal  and  vertical  polarization 
are  not  observed  in  rain  scatter. 


Figure  1:  Bistatic  Reflectivity  Patterns  for  a  Disk  en¬ 
semble  f=2.81  GH2,p=10®  m"3  ,  200pm<d<7  .2  mm 

t/dr0.1  E=  exponentially,  U:  Uniformly  dist¬ 
ributed  radii 


Figure  2:  Bistatic  Reflectivity  Patterns  for  Cylinder 
ensemble  f=2.81  GHz  ,  p=10®  m~3  ,  20u  m<d< 

720  fin,  Jl/d=10  E:  exponentially,  U:  Unifor¬ 
mly  distrubuted  radii 

The  attenuation  is  also  polarization  and  orienta¬ 
tion  dependent  and  for  normal  incidence,  the  attenua¬ 
tion  of  a  disk  ensemble  with  exponential  size  distri¬ 
bution  is  calculated  to  be  0.8  dB/km  at  10GHz,  which 
is  approximately  equivalent  to  the  attenuation  of  a 
30  mm/h  rain. 
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In  the  second  case,  attenuation  of  the  four  model 
media  were  computed  while  the  frequency  was  changed 
from  30  to  300  GHz.  The  same  incidence  and  orientation 
angles  were  used  as  in  the  reflectivity  calculations. 
The  attenuation  for  the  disk  ensemble  is  shown  in  Fi¬ 
gure  3.  For  the  cylinder  ensemble,  the  calculated  at¬ 
tenuation  curves  are  shown  in  Figure  A.  The  attenuation 
Aj,!,  for  horizontal  polarization  is  larger  than  the  at¬ 
tenuation  Ayv  for  vectical  polarization.  This  can  be 
explained  by  the  cylinders  orientation  being  in  the 
horizontal  plane.  The  difference  between  the  reflecti¬ 
vity  values  of  the  cylinder  ensemble  can  be  explained 
similarly. 

Frequency  characteristics  of  rain  attenuation  for 
various  rain  rates  increases  monotonously  up  to  frequ¬ 
encies  of  roughly  100  GHz.  Then  it  begins  to  decrease 
(1).  A  similar  effect  is  occured  in  the  attenuation  by 
disk  and  cylinder  ensembles.  In  the  resonance  region, 
the  monotonocity  of  the  frequency  characteristics  of 
attenuation  may  be  disturbed.  The  oscillatory  behavior 
evident  at  the  higher  frequencies  in  attenuation  are 
shown  in  greater  detail  in  figures  3  and  A  It  is  appe- 
rent  that  above  16  GHz  for  fig  3  ,  60  GHz  for  fig  A 
resonance  play  a  major  role  in  models  and  essentially 
precludes  the  utilization  of  simple  models  Similar  os¬ 
cillatory  behaviour  can  be  observed  for  bistatic  ref¬ 
lectivity  of  disk  and  cylinder. 


Figure  3  :  Attenuation  of  the  Disk  ensemble  p=10^  m"3 
20  iim<d<20mm  t/d;0.l  ,  E=  exponentially, 

U  :  Uniformly  distributed  radii 


f(GH2  ) 


3  —  'x 

Figure  A:  Attenuation  of  the  Cylinder  ensemble  pzlO  m”J 
20  um  <d<2  mm  1/d  zlO.E=Exponcntially 
U:  Uniformly  distributed  radii 


A . CONCLUSIONS 

This  work  has  attempted  to  give  a  new  formulation 
of  Electromagnetic  propagation  through  a  clouds.  The 
areas  of  application  of  this  model  now  corver  a  wide 
range  from  space  communications  to  weather  forecating. 

The  formulation  as  presented  here  offers  several 
features  for  calculation  of  electromagnetic  wave  propa¬ 
gation  through  precipitation  media.  On  the  basis  of  our 
extensive  calculations,  we  may  summarize  our  observati¬ 
ons  as. 

1.  The  formulation  is  matrix  and  stochastic  in  nature 
and  easily  accommodates  arbitrary  polarization  states. 
The  formulation  is  valid  in  all  frequency  regions  when 
the  criterions  arc  met. 

2.  Complete  characterization  of  medium  depolarization 
effects  from  hydrometeors  (e.g.,  attenuation,  isolati¬ 
on,  and  phase  shift). 

3. Scattering  particle  distributions  of  particle  size, 
shape,  and  orientation  angle  are  directly  included  into 
the  model  and  varying  medium  density  along  the  propa¬ 
gation  path  can  be  accommodated. 

It  is  hoped  that  the  methods  given  in  this  work 
may  provide  a  basis  for  improve  interpretation  of 
measured  results  from  present  cloud  probing  systems  or 
to  guide  the  design  and  deployment  of  future  systems. 
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Abstract 

Employing  the  strong  fluctuation  theory,  the 
phase  matrix  and  scattering  coefficient  of 
the  radiative  transfer  equation  for  strongly 
fluctuated  continuous  random  media  are  obtai¬ 
ned.  Comparissions  with  the  conventional  theo¬ 
ry  for  weak- fluctuated  media  are  discussed. 

By  using  the  Gaussian  quadrature  and  the  ei- 
genanalysis  approaches,  the  vector  thermal 
radiative  transfer  equation  for  a  layer  of 
random  medium  is  solved,  and  is  favorably 
matched  with  the  experimental  data. 

I .  Introduction 

The  radiative  transfer  theory  (RT)  has 
been  extensively  applied  to  the  studies  of 
multiple  scattering  and  transmission  of  speci¬ 
fic  intensity  in  random  media.  Random  media 
might  fall  into  three  kinds:  random  discrete 
scatterers.  continuous  random  media,  and  ran- 
domly rough  surface.  Discrete  scatterer  media 
may  be  treated  as  tenuously  or  densely  dis¬ 
tributed  spherical  Rayleigh,  or  Mie  particles, 
nosphencal  particles  (spheroid,  disk,  cylin¬ 
der.  etc.),  or  others.  However,  continuous 
random  media  are  not  as  directly  perceivable 
as  random  discrete  scatterers.  It  is  charac¬ 
terized  by  the  covariance  and  correlation  fun¬ 
ction  of  random  fluctuation  of  the  medium  per¬ 
mittivity.  The  RT  equation  and  its  solution 
can  be  attributed  to  Refs.1  and  2.  Reviewing 
the  derivations  of  the  RT  equation,  it  can  be 
seen  that  the  validity  criterion  is  restric¬ 
tive  to  the  weak  fluctuation  and  small  cova¬ 
riance.  The  approach  of  weak  fluctuation  will 
lead  nonphysically  negative  effective  propa¬ 
gation  constant  as  the  covariance  takes  a 
large  value.  Therefore,  the  conventional  RT 
equation  is  only  applicable  to  the  weakly- 
fluctuated  random  media.  Most  of  the  geophy¬ 
sical  media  are  often  treated  as  strongly- 
fluctuated.  noisotropic  continuous  random 
media .  We  have  Lo  lecorisiuer  the  tssis  of  the 
conventional  RT  equation,  and  enhance  the 
applicability  of  the  RT  equation  to  strongly- 
fluctuated  media.  In  the  strong  fluctuation 
theory  (ref. 3. 4),  the  singularity  of  the  mean 
dyadic  Green's  function  and  correlation  of 
fluctuation  have  been  properly  taken  into 
account.  The  effective  permittivity  of  random 


medium  is  determined  by  the  bi local ly-approxi - 
mated  Dyson  equation  of  the  mean  field.  The 
criterion  of  small  covariance  can  be  elimina¬ 
ted.  However,  it's  difficult  so  far  to  take 
account  of  all  high-order  multiple  scattering 
in  numerical  calculation  of  scattered  intensi¬ 
ty,  by  employing  the  wave  analytic  theory. 

In  this  paper,  by  using  the  strong  fluc¬ 
tuation  theory,  the  phase  matrix  and  scatter¬ 
ing  coefficient  in  the  RT  equation  are  deri¬ 
ved.  A  newly- introduced  permittivity,  as  the 
zeroth  order  approximation  of  the  effective 
permittivity,  and  the  coefficient  of  the  delta 
function  for  the  singularity  of  the  mean  dya¬ 
dic  Green’s  function  in  nonisotropic  random 
media  are  reformulated,  and  calculated.  Then, 
we  have  a  RT  equation,  which  has  new  consti¬ 
tuents,  and  is  applicable  to  multiple  scatte- 
ing,  transmission,  and  thermal  radiation  in 
strongly-fluctuated  random  media.  Comparisions 
with  the  conventional  RT  for  weak  fluctuation 
are  discussed.  By  using  Gaussian  quadrature 
and  the  eigenanalysis  approaches  (ref. 5),  the 
vector  thermal  RT  equation  is  solved.  Numeri¬ 
cal  example  is  used  to  favorably  match  the 
experimental  data  of  snowfield.  The  relation¬ 
ships  between  the  brightness  temperature  and 
parameters  (wavelength,  polarization,  observa¬ 
tion  angle,  correlation  length,  layer  depth, 
and  composition  of  the  medium,  etc.)  can  be 
obtained. 


2.  The  Phase  Matrix  of  the  RT  equation 

Consider  a  EM  wave  incident  on  a  continu¬ 
ous  random  medium  with  the  permittivity  £(r)= 
em+  Ejir),  where  Emis  the  mean  permittivity 
<£(r)>  and  Ef(r)  is  the  random  fluctuation, 
and  vEf(r)>=0.  The  wave  equation  is  written  as 
2  .  2 

V*  VxE(r)--2£mE(r)3e.(r)E(r)  .  (1) 

c  m  .  r 

s 0  £0 

Taking  a  small  volume  V.  with  arbitrary  shape 
in  the  random  medium,  the  scattering  from  the 
scatterer  to  the  point  r  outside  V(  is 

f  kn  ~ 

Es(r)=J  dr,Gotm(r.r,  )•— £f(r,  )E(r,  ).  (2) 

'  ^0 

where  Goim  is  the  mean  dyadic  Green's  function, 
Assuming  £^<<1,  and  the  covariance  D£ < < 1 , 
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the  Born  approximation  E(rj)=the  incident 
field  Eolrt>.  The  small  Dtmust  be  imposed, 
since  large  D t  will  lead  nonphysical  effecti¬ 
ve  permittivity  lref.3).  Then,  the  second  mo¬ 
ment  of  scattering  field  <  I  i£s(P  >1*  >  is  used  to 
derive  the  phase  matrix.  However,  for  most  of 
multi-phase  random  media  composed  by  diffe¬ 
rent  constituents  (such  as  snow,  or  some  geo¬ 
physical  media),  the  fluctuation  £f  in  any  po¬ 
int  and  the  covariance  DE  are  often  not  much 
less  than  one.  The  scattered  field  from  the 
source  k£  £.(r)E(r)/£0  in  the  homogeneous  me¬ 
dium  £m  should  be  modified. 

In  the  strong  fluctuation  theory  (ref. 3 
4).  a  diagonal  permittivity  Zg  is  introduced, 
and  is  to  be  determined  by  the  correlation 
function  of  fluctuation.  Wave  scattering  and 
propagation  in  random  media  has  an  effective 
propagation  constant.  The  effective  permitti¬ 
vity  takes  account  of  the  randomness  and  scat¬ 
tering  effects  in  the  medium,  and  is  not  equ¬ 
al  to  £m" .  If  high-order  scattering  is  neglec¬ 
ted.  £eff  will  approaches  to  Zg ■  And  Sg  appro¬ 
aches  to  £mf  only  if  the  fluctuation  is  weak. 
Thus,  Ig  is  the  zeroth-order  approximation  of 
the  effective  permittivity.  From  the  strong 
fluctuation,  the  total  field  in  the  volume 
is 

F(r,  )=E0(r,  )+Kq  JdrJPV.Gglr, ,  rj  )•  Q(r;  )•  F(rj ), 

where  V' 

Q(r)  =  (l£n(r)-£gnni+S-(T£n(r)-fgri)3"'  _  (4) 

F(  r )  =  (?  +  S  •  (f £n( r ) -?gn) 1  •  E(r )  ,  (5) 


Gg (  r ,  r '  )=PV.Gg(r,  r'  )-(S/ko>  8(r-r*  )  .  (6) 


Here,  the  coefficient  I  of  the  priciple  volu¬ 
me  is  also  diagonal,  and  is  determined  by  the 
shape  of  V(  .  This  volume  should  be  an  equal- 
correlation  surface.  Averaging  (3)  under  the 
bi local  approximation,  the  Dyson  equation  of 
iFi  can  be  obtained.  Then,  the  effective  per¬ 
mittivity  can  be  obtained,  and  the  restricti¬ 
ve  criterion  D^<<1  can  be  eliminated.  The 
scattering  field  at  r  outside  the  scatterer 
source  V!  is 

Es(r)=ko  ^driGoimCP,  n  )•  QCr,)*  F(ri  )  .  (7) 


Vi 

Making  use  of  the  distorted  Born  approxima¬ 
tion.  the  second  moment  of  scattering  field 

<  I  Es  (f  >|2  >  =  <  ko  X  dr ,  |  dr  j  lG01m(  r.  r l  )•  Q( 7] ) 


V| 


Vi 


•Fm<n>>  (G01m(r.r;)-Q(r;>-Fm(r;))*> 


where  the  mean  dyadic  Green's  function  in  the 
far  field  approximation  is  written  as 


G01m(r, r, )-exp(ik0r) (Osvsexp(-ikVsr, ) 

*-hshsexp(-ikhs-r,  )  )/(47T  r) ,  (0) 

and  the  mean  field  in  the  zeroth-order  appro¬ 
ximation  is 

Fm(r ,  )  =  Eviviexp(  ikvi'F,  )  fEhlhxexp(  ikh;r,  )  .  (  10) 


rs(r)=SI(Rs,ki)‘  I  ^  ( r ) 


(11) 


Following  the  definition  of  the  Stockes  para¬ 
meters,  we  calculate  the  elements  of  the  scat¬ 
tering  matrix  by  substituting  (9,10)  into  (8). 

Svv=<^/l67r2r2){ll(04t)2(t.0i)2|dF1|(dr; 

<Qt(r, )Q£(r j ) >exp( i (kvi-kvs> • (?, -rj  > ) 

+IZ  ZZ  (0  •  t )  ( t  •  v  )  ( v  *t '  )  ( t '* v i  )  5  dr.  (dr! 

t  t  S  1  S  _  1  Yl.  Vi  ' 

«2<  Re(Qt( r, )Q£,(r  j ) ) >exp( l (kvi-kvs> 


(r,-?;)) 


(12) 


where  t,t'=x.y,z,  and  t’£t.  Rewriting  the 
scattering  and  incident  directions  in  terms 
of  (9,6  ':<p.<p').  we  obtain 

2  2  2  2 

SVV  =  (D,  ,cos  9cos  <pcos  0’cos  <f>' 

2  2  2  2 

+  D22COS  6sin  jScos  0'sin  <f>‘ 

2 

+  2D)  2^os  9sinj6cosji!>cos0  ’  sin^'cosji’ 

+  2D  1 3s in0cos0cos^>s in9  ' cos0 'cos <p' 
+2D23Sin9cos0sin^sin0 ' cos6 ’ sinjt’ 
+D33sin20sin^0 ’ )WVV  (13) 

where 

wab=  IdMd?l  exp(i(k£-ka)«  (r,-rj))C(  1 -r J|)/ 

V|  V|  (14) 

where  a,b  can  take  different  polarization  v, 
or  h,  for  all  elements.  Other  elements  are 
obtained  in  the  same  way.  C( . )  is  the  normali¬ 
zed  correlation  function,  and  the  covariance 
D j  1  =  < QXQX > »  D12=Re<QxQ5>,,  D) 3=Re<QxQ5 > ,  etc. 
are  defined.  For  more  explicit  formulations, 
we  consider  herewith  the  transverse  symetric 
case,  i.e.  the  correlation  lengths  Lj^LySL) , 
and 

(Qt-ir,  >Q£.(ri )  >=Dtt|exp(-|  Z\-z\  | /Lz 

-(|x)-x'||2+|yi-yi|2)/L?  ]  .  (15) 

Then,  substituting  (15)  into  (14),  we  obtain 

j*  2 

Pt  1  (0.  O'  )  =  Sgd0r  Svv(e,0' ;0)/Vi 

=M(  6,0'  )exp(  -  A){  (D33sin20sin20 ' 

♦  Di  1  cos20cos20  ’  / 2 J I0  ( A) 

+  2D|3Sin0cos0sin6 ' COS0 ' Ii  ( A) 

+  D] 1 cos20cos20 ’ I2 ( A) /2  }  ,  (16a) 

P| 2 (0- 8 ' )=Dt , M(0, 0 ' )exp( -A)cos20 ( Iq ( A) 

-l,(A)J/2  ,  (16b) 

^  2 
P21 (9, 0* )=D, ,M(0, 0 ' )exp(-A)cos  0 ' l Iq (A) 

-I2(A))/2  ,  (16c) 

P22(0,  6'  )  =  DnM(0,  0’  )exp(-A)  (10(A)  >  IZ(A)  )  /  2  , 

where  ^16d^ 

M(  0.9'  )  =  (kV?/4)(  L_/  ( 1  +k2L2(cos6-cos0 ' )  )] 

•3  ‘  X  it  ’  “  2 

«exp( - (kgL, /4 ) (sin0-sin© ' )  )  ,  (17a> 
A= (k2L2/2 )sin@sin0 '  ,  (17b) 

andl0,  I),  and  I2  denote,  respectively,  modi¬ 
fied  Bessel  function  of  zeroth,  first,  and 


To  obtain  the  RT  equation,  we  define  the 
Stockes  parameters  I  and  the  scattering  ma 
trix  Sras 


second  order.  The  scattering  coefficients  are 


obtained  as 

Ksv,h(8,=  Iode’sin0,(P11(12)+P21(22))'  (18) 
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It  can  be  seen  from  (16a-d)  that  there  are 
contributions  from  Dj  j  ,  D33  and  D| 3  in  P,  ,  , 
and  there  is  only  one  covariance  Dj t  in  P)2- 
P2)  .  and  P22  .  Since  there  are  components  of 
the  vertical  polarization  vector  in  both  xy 
and  z  directions,  and  there  is  no  component 
of  the  horizontal  polarization  vector  in  z 
direction,  the  differences  between  L^and  Li 
and  D,  1  ,  D33  and  013  effect  the  polarization 
transition  from  v‘  to  0.  Moreover,  if  L^Ly. 
all  elements  in  P(0,9')  shall  be  related  with 
Dxx  ,  Dy„  ,  Dxy ,  and  ,  Ly  .  It  can  be  seen 
from  (13.14).  The  dependence  of  angles  in 
P(  0, 9 '  ;  ip.  0'  )  is  similar  to  that  of  discrete 
Rayleigh  scatterer,  since  we  have  used  the 
distorted  Born  approximation  in  low  frequency 
limit.  The  phase  matrix  P(0,0')  as  shown  in 
(16),  and  the  scattering  coefficients  of  (18) 
are  used  in  our  RT  equation  for  a  layer  of 
strongly  fluctuated,  nonisotropic  continuous 
random  medium.  When  S^.J)czr&  very  small, 
then  Eg  approaches  to  emi,  and  D|  j  =033  =  Dj3  iD£  . 
Then  our  results  reduce  to  the  conventional 
RT. 

3.  Coefficient  S  of  the  delta  function 


The  coefficient  S  in  (6)  depends  on  the 
shape  of  the  excluded  principle  volume,  and 
is  related  with  correlation  function  and  cor¬ 
relation  lengths.  From  (3),  we  have 

<Fs(r,  )  >  =  kg  I  dr,’PV.Gg(r|  .  rf  )<Q(ri  )  J  drj' 

v,  v, 

PV. Qgtr,’. ?;’)■§<?;•>•  Fm(rp>  ,  ,(19) 

If  let  Vi— »o,  then  <FS(P1)>  should  approach 
to  zero.  Then,  we  should  have 

LinuQlrpJ  dr'i'PV  .gL  ( r{  .  r}' )  •  3(?}' )  >=0 .  (20) 

V,->0  v, 

If  V,  has  the  shape  of  an  equal -correlation 
surface  around  r"=r' ,  the  correlation  may  be 
factored  from  inside  the  integral.  Obviously, 
it  implies  (20).  since 

Lim  §  dr"PV.§  (r,\  r")=0  .  (21) 

V,->o  v,  1  g  1  1 

Following  Stogryn's  approach  (ref. 6)  to  deter¬ 
mine  the  coefficient  §  in  the  singularity  of 
the  Green's  function  Gg ,  it  can  be  finally 
obtained  that 


S=-Lim  ki-JdrG  (r) 

V.-»0  £03/2  g 

Lim  (dr  VV<  1/rg)  .  (22) 

V,-»0V, 

Taking  the  correlation  function  of  (15),  and 
integrating  over  the  surface 

p2/tf+|z|/L2=1  , 

the  explicit  formulations  are  as  follows 


S1  =6'ob,/^£g(2Dl /2*-’  >  >  ,  (23a) 

s2=sl  '  (2Tb) 

S3  =  VC£gz(2b1/2  +  1)K  (23c) 

b  =  SgL2/(£gz  ^  )  .  (24) 


Using  <<2>  =  0  to  determine  (ref. 3, 4, 6), 


47r./£gX£gy£gz 


=0  .  (25b) 

Substituting  S|,  S3  of  (23)  into  (25),  and 
iterating  numerically,  the  solutions  of  Si, 
S3,  and  £g,£g2  are  obtained.  We  may  compare 
(23)  with  some  limiting  cases  (ref.7).  If  L2= 
Li,  then  b=1,  Si=S2=S3=£o/(3£g) .  The  volume 
is  a  sphere.  If  L2>>L).  then  b->o°  ,  S]=S2= 
£o/(2£g),  S3=0.  Vi  is  a  thin  cylinder,  or  a 
pin.  If  L2<<Li,  then  b->0.  bi=:S2=0,  S3  =  £o/£g 
V)  is  a  disk.  The  results  are  consistent  with 
Ref.7  in  limiting  cases. 

If  the  random  medium  is  a  two-phase  me¬ 
dium  composed  by  two  constituents  with  £sand 
£b>  and  the  fractional  volume  fs  and  1-fs. 
respectively.  Then,  (25)  are  written  as 


.£0*S3l£(r>-£gZ)' 


fs - ^Zh —  +  d-fs) — =0  . 

■Vs^V^)  £otSi<£b-£g> 


(26a) 


- £s^« - +(1. 

£0+s3(£0-£gz) 


£b"£qz _ 

£o+s3(£b'£gz) 


=  0  . 


(26b) 


4.  Numerical  Results  of  the  Vector  Thermal  RT 
Equation 

Using  the  results  in  the  last  two  sections, 
we  obtain  the  vector  RT  equation  for  a  layer 
of  strongly-fluctuated  continuous  random  me¬ 
dium,  which  has  new  constituents  of  the  phase 
function  and  scattering  coefficient.  We  use 
the  Gaussian  quadrature  (N=16)  and  the  eigen- 
anlysis  approaches  to  solve  the  RT  equation 
(ref. 5),  and  obtain  numerical  results  of  the 
brightness  temperature  versus  other  geophysi¬ 
cal  parameters,  such  as  wavelength,  observa¬ 
tion  angle,  polarization,  correlation  functi¬ 
on  and  correlation  length,  layer  depth,  and 
medium  composition,  etc. .  Comparision  with 
the  conventional  RT  is  available. 

The  solid  lines  in  Fig.1  give  the  func¬ 
tional  relation  between  the  brightness  tem¬ 
perature  and  observation  angle.  The  results 
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Fig .  1  .  Brightness  temperature  vs  angle 
£s=(3. 2*10.01 )£0,  f s=0 . 4 ,  £2=(6+i0.6)£0 . 
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are  used  favorably  to  match  the  experimental 
data  (ref. 8)  of  snowpack.  which  is  modeled  as 
a  layer  of  random  medium  composed  by  dry  ice, 
and  air.  We  choose  1-2  =  0. 06cm.  Lj=0.03  cm, 
which  follow  the  experimental  correlation 
lengths  of  snow  grain  sample  (Vallese  and 
Kong,  J.  Appl .  Phys . , 52( 1981 ) ) .  Other  parame¬ 
ters  are  given  by  the  experiment,  and  are 
listed  in  the  figure.  The  dashed  lines  come 
from  the  calculation  by  using  the  conventio¬ 
nal  RT  equation.  We  can  see  that  the  conven¬ 
tional  RT  overestimate  the  thermal  emission. 
Generally,  £^|  is  always  larger  than  Eg.  £g2, 
where  "  denotes  the  imaginary  part.  If  the 
layer  depth  d  is  not  too  large,  thermal  emis¬ 
sion  evaluated  by  £m  and  De  is  always  higher 
thanthat  by  Eg.fgz-  and  D1 1 •  °33 •  °13  • 

For  possible  effect  due  to  the  small 
roughness  of  the  subsurface  z=-d,  we  simply 
modify  the  reflectivity  ra)2  (Choudhury,  etc. 
J .  Geophys .  Res . .  84(1 979 ) )  as 

ra1 2 1 8 ) -exp( -hcos^O ) rai 2 ( 9 )  .  a=v.h  (27) 

where  h  is  the  effective  roughness.  rai2  is 
the  reflectivity  of  smooth  surface. 

5.  Conclusion 

We  have  applied  the  strong  fluctuation 
theory  to  derive  the  phase  matrix  and  scatter¬ 
ing  coefficient  for  the  vector  radiative 
transfer  equation  for  strongly  fluctuated, 
nonisotropic,  continuous  random  media.  The 
new  permittivity  £g  is  then  numerically  deter¬ 
mined.  Our  RT  equation  is  applicable  to  both 
strongly  and  weakly  fluctuated  random  media. 
Employing  the  Gaussian  quadrature  and  eigen- 
analysis  approaches,  the  vector  thermal  RT 
equation  is  solved.  Numerical  results  are 
favorably  matched  with  the  experimental  mea¬ 
surement.  and  are  compared  with  the  conven¬ 
tional  RT  equation,  which  overestimated  the 
specific  intensity. 
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Abstract 

Soils  that  contain  liguids  or  gases  that  freaze  during  diurnal  insolation 
will  appear  radiometrically  distinctive.  That  is,  they  will  appear  to  have 
anomalously  high  thermal  inertias  caused  by  the  latent  heats  of  fusion  or 
sublimation.  The  effect  should  be  observable  in  the  diurnal  variation  of  the 
radiobrightness  of  freezing  moist  soils,  or  in  the  radiobrightness  of  Mars  soils 
that  are  saturated  with  CO2  ice. 

The  1 -dimensional,  heat  flow  equation  for  moist  soils, 

2E£Q  =  3  K(T)  21 
3t  dz  dz 

is  non-linear  because  both  the  enthalpy,  E(T),  and  the  thermal  conductivity, 
K(T),  are  non-linear  functions  of  T  at  freeze/thaw  phase  boundaries. 
Furthermore,  diurnal  insolation  may  cause  phase  boundaries  at  more  than  one 
depth,  z.  The  problem  is  particularly  difficult  because  these  phase  boundaries 
propagate  and,  occasionally,  cancel  themselves,  and  because  soils  that  contain 
clay  freeze  over  a  range  of  temperatures  rather  than  at  0°  C-that  is,  they 
possess  diffuse  phase  boundaries. 
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The  problem  of  periodic  heating  of  two-phase  media  has  come  to  be 
known  as  Stefan's  problem.  There  are  several  numerical  techniques  for  its 
solution.  The  Chernous'ko  method  was  most  readily  modified  for  diffuse  phase 
boundaries,  and  was  developed  as  a  modeling  tool  for  examining  the 
radiobrightness  of  diurnally  heated  soils.  These  models  exhibit  diurnal 
radiobrightness  spectral  gradients  similar  to  those  computed  from  the  10.7, 

18,  and  37  GHz  radiobrightness  temperatures  from  the  Scanning  Multichannel 
Microwave  Radiometer  (SMMR)  on  Nimbus-7  (reported  in  a  separate  abstract, 
England,  et  al),  and  may  explain  the  anomalously  flat  radiobrightness  spectrum 
of  Mars. 
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Abstract 


A  geometrical-optical  model  has  been  developed  to  represent  the  radiative  properties 
of  a  known  forest  Canopy  for  a  given  illumination  and  viewing  geometry  in  terms  of  the 
physical  Canopy  parameters.  Elements  of  this  model  for  an  individual  tree  will  be 
presented.  The  parameter  expression  used  in  producing  the  three  dimcnsioncl  tree  shapes 
will  be  outlined.  Presented  also,  is  a  comparison  of  the  radiances  of  the  model  and  the 
original,  at  similar  conditions  of  illumination,  viewing  geometry  with  respect  to  their  gray 
level  frequency  distribution  and  patterns.  A  comparison  of  the  texture  measures  such  as 
entropy,  inertia,  correlation,  contrast,  sum  of  squares,  inverse  difference  moment,  sum 
variance,  difference  variance,  difference  entropy  and  maximal  correlation  coefficient  which 
were  calculated  within  spacial  gray  level  dependence  method  (SGLDM)  for  the  original 
trees  will  be  presented.  Statistical  tests  such  as  student  t-test  and  correlation  coefficient 
analysis  have  been  conducted  with  the  texture  measures  obtained  for  the  model  and  the 
original  to  show  how  closely  they  resembled  each  other. 
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Abstract 

A  set  of  different  surface  modelings  of  dis¬ 
crete  scatterer  and  continuous  random  media 
is  combined  into  a  subpackage  for  the  emissi- 
vity  simulation  of  distinct  surfaces,  and 
radiative  transfer  in  microwave  remote  sen¬ 
sing.  The  wave  analytic  theory  with  fluctua¬ 
tion  dissipation  approach,  the  radiative  tran¬ 
sfer  equation,  the  radiative  wave  equation, 
and  approaches  for  scattering  from  rough  sur¬ 
face  are  applied  to  the  simulations.  Numeri¬ 
cal  results  are  matched  with  the  available 
measurements . 
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1 .  Introduction 

The  microwave  radiance  received  by  sate¬ 
llite-borne  sensors  is  contributed  by  the 
atmosphere  (precipitation,  cloud,  etc.),  the 
earth  terrain,  and  their  Interaction,  which 
may  be  understood  as  a  system.  The  radiative 
transfer  is  significantly  governed  by  the 
emissivity  of  the  distinct  surfaces.  Simula¬ 
tion  for  this  microwave  system  effectiveness 
requires  the  capability  to  determine  the  func¬ 
tional  dependence  of  reflectivity  and  emissi¬ 
vity  due  to  changes  in  the  surface  type,  and 
relevant  geophysical  and  hydrological  parame¬ 
ters.  This  information  was  usually  provided 
via  available  empirical  data  sets  for  prati- 
cal  use.  However,  the  range  of  available 
f ieldmeasurements  is  seriously  limited.  In 
order  to  facilitate  the  evaluation  of  sensor 
scenorios,  a  subpackage  of  the  earth  terrain 
modelings  for  dry  and  wet  snow,  sea  ice,  calm 
and  rough  sea  surface,  vegetation  and  fores¬ 
try,  dry  and  wet  soil,  etc.,  and  respective 
numerical  approaches  are  developed.  The  geo¬ 
metry  of  these  models  are  illustrated  in 
Fig.l.  They  are  one  or  multi-layer  of  discre- 
a  s?c*2t tsrors  or  continuous  r^ndor*  r^cdi^. 
with  possible  rough  subsurface.  The  wave  ana¬ 
lytic  theory  with  fluctuation-dissipation 
approach,  the  radiative  transfer  theory,  the 
radiative  wave  theory,  and  approaches  to 
scattering  from  rough  surface  are  applied  to 
developing  numerical  algorithm  to  determine 
the  emissivity  and  ref lectivi "y  of  the  models. 
Numerical  results  are  favorably  matched  with 
the  available  measurements  by  means  of  truck- 
rr.ounted,  ai-borne,  and  satellite  radiometers 
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(e.g.  DMSP  SSM/I  data)  . 

This  study  also  provides  a  theoretical 
basis  for  understanding  the  sensitivity  of 
the  microwave  sensor  data  to  variations  in 
relevant  parameters,  and  comparing  the  consis¬ 
tency  of  different  theories  and  approaches 
for  microwave  remote  sensing. 

2.  Surface  Models  and  Approaches 


( t ) .  Snow : 

Snowpack  is  modeled  as  one  or  multi-layer  of 
discrete  scatterers  (Fig.l).  Dry  snow  is  com¬ 
posed  of  ice  particles  embedded  in  air,  and 
the  fractional  volume  fs  of  ice  particles  is 
generally  larger  than  0.2  (  fs=Pg/0.91,  here 
Pg  is  the  density  gm/cm3  ).  The  radius  of  the 
effective  ice  grain  is  around  0.4~0.8  mm.  The 
snowpack  with  refrozen  laminas  is  modeled  as 
multi-layer  media.  Wet  snow  consists  of  small 
water  drops  (radius  a~0.2mm).  ice  particles, 
and  air.  The  fluctuation -dissipation  theorem 
is  applied  to  obtain  the  brightness  tempera¬ 
ture  of  the  snowpack.  The  brightness  tempera¬ 
ture  in  zeroth-order  approximation  is 

Tgfl  ( 0  )  =  k^cose  ( £" /£0  )  Jdz ,  T ,  (z,  )j  A,(0)fl|2 
'I  18(31  2exP(  l2k|zd)0(  -k,  2)exp(  ikJzZt  ) 

«-3<  k,  2  >exp(  -ik,zz,  )  1  /kQ2|2 

»koCos0(e^/eo)J'Mdz2T2(z2)]A2(e)nl2 

"  H  R(1 1  2exp^ 1 2k  i  zd  )o(  “kjz  )exp(  1k2z22 ) 

tS<k2z>eXP(*lk2zz2,)/kOz)2  /  (,) 

where  0  denotes  the  verticel  or  horizontal 
polarization.  A)  (8)3.  and  A2<0)fi  represent 
the  transmission  coefficients  from  the  boun¬ 
ded  region  1  and  the  underlying  region  2, 
respectively,  k,  is  the  effective  propagation 
constant  of  the  region  1 .  R  denotes  the  ref¬ 
lection  coefficient.  The  permittivity £g  is 
obtained  by  the  strong  fluctuation  approach 
(ref. 1-3)  as  follows 
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The  high-order  solution  of  TB(9)  also  has 
been  obtained  (ref.l).  Essentially,  TB(0)  is 
governed  by  the  value  of  £<j,  which  is  the 
imaginary  part  of  the  zeroth-order  approxima¬ 
ted  effective  permittivity  of  the  random  me¬ 
dium,  regionl.  The  emissivity  from  dry  and  wet 
snowpack  are  shown  in  Fig. 2.  There  is  a  sig¬ 
nificant  decrease  in  the  emissivity  due  to 
the  presence  of  snow,  especially  for  vertical 
polarization.  The  emissivity  of  wet  snow  is 
generally  higher  than  dry  snow.  The  emissivi¬ 
ty  versus  snov;  wetness  is  given  in  Fig. 3.  It 
can  be  seen  that  the  increase  of  snow  wetness 
initially  increase  the  emissivity,  then  will 
cool  the  thermal  emission,  especially  at  hiah 
frequency. 

The  lamina  structure  due  to  refrozen  surface 
will  darken  and  cool  thermal  emission.  Numeri¬ 
cal  results  and  comparisons  with  chc  measure¬ 
ments  are  shown  in  Fig. 4. 

Since  the  fractional  volume  of  ice  par¬ 
ticles  is  large,  the  conventional  radiative 
transfer  equation  with  independent  scattering 
assumption  has  to  be  modified.  The  radiative 
wave  equation  (RWT,  ref. 4, 5)  has  been  deve- 
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Fig. 2  Emissivity  vs  Observation  Angle 
for  dry  and  wet  snowpack 


Fig. 4  Brightness  temperature  vs  Angle 
for  two  cases  of  snowpack 
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loped  to  take  account  of  the  scattering  cohe¬ 
rence  of  densely-distributed  scatterers .  The 
RWT  equation  follows  the  conventional  radia¬ 
tive  transfer  equation  (RT)  in  form,  however 
the  scattering  coefficient  and  the  phase  ma¬ 
trix  has  been  modified.  The  RWT  equation  is 
solved  by  the  discrete  ordinate  method.  A  nu¬ 
merical  example  is  shown  in  Fig. 5.  RWT  and  RT 
is  compared. 


Observation  Angie  * 

Fig. 5  Brightness  temperature  vs  Angle  from 
RWT  and  RT  approaches 

Snowpack  may  also  be  modeled  as  a  layer  of 
continuous  random  medium  (ref. 6).  The  corre¬ 
lation  function  of  the  permittivity  perturba¬ 
tion  is  generally  Gaussian  or  exponential 
(ref.7).  The  correlation  lengths  from  experi¬ 
ments  of  snow  grain  sample  (ref. 8)  are  about 
0 . 3~0 . 8  mm.  Note  that  this  value  is  roughly 
equal  to.  or  little  smaller  than  the  effec¬ 
tive  size  of  ice  particle  in  discrete  scatte- 
rer  model . 

( 2)  .  Sea  ice: 

The  model  for  sea  ice  is  a  layer  of  ice  with 
air  pockets.  The  emissivity  of  sea  ice  de¬ 
pends  on  age,  thickness,  salinity,  density, 
composition  and  surface  characteristics. 

First  year  sea  ice  (FY)  has  a  layer  of  thin 
congelation  ice  (d~20cm.  ft~0 . 85  gm/cm  ;  equi¬ 
valently  fj'0 . 008 )  over  a  thick  ice  layer  < P3 
~0.91  gm/cm  ).  Multi-year  sea  ice  (MY)  has  a 
recrystal 1 lzed  ice  layer  (d~50cm,  or  more) 
over  a  ice  layer  with  thickness  up  to  500  cm. 
My  sea  ice  has  a  large  fractional  volume  of 
air  pockets  (fs“0.25).  which  causes  more  scat¬ 
tering,  and  darken  the  thermal  emission.  By 
using  the  fluctuation  dissipation  approach, 
the  example  of  the  emissivities  of  FY  and  MY 
sea  ice  is  shown  in  Fig. 6. 


(3).  Calm  and  rough  sea  surface: 

Ocean  with  smooth  surface  is  modeled  as  a 
simple  half-space  dielectric  medium,  whose 
permittivity  is  calculated  by  Debye  formula. 
The  emissivity  of  a  rough  sea  surface  is 
greater  than  that  of  a  smooth  sea  because  the 
wind-driven  rough  sea  surface  is  covered  with 
a  layer  of  foam  and  white  caps.  The  effect  of 
white  water  (foam  and  white  caps)  is  modeled 
by  a  layer  of  random  discrete  scatterers  with 
a  randomly  rough  surface,  as  shown  in  Fig.l. 
Both  the  wave  analytic  theory  and  the  RT  the¬ 
ory  can  be  applied  to  the  calculation  of  the 
emissivity.  The  Kirchhoff  approach  for  wave 
scattering  from  randomly  rough  surface  with 
large  mean  slope,  or  small  perturbation  me¬ 
thod,  two-scale  rough  surface  approach  (ref. 
9,10,11)  are  readily  applied  to  modify  the 
reflectivity  and  transmittivity  appeared  in 
the  boundary  conditions.  A  numerical  example 
of  the  brightness  temperature  from  the  atmos¬ 
pheric  precipitation  over  rough  sea  is  given 
in  Fig. 7.  The  emissivity  increases  due  to  the 
foam  layer,  wnich  corresponds  to  a  wind  speed 
of  about  10  m/sec. 


Fig. 7  Brightness  temperature  vs  Rain  rate 
for  the  models  of  calm  and  rough  sea 
surface 

(4).  Vegetation: 

Vegetation  canopy  is  modeled  as  a  layer  cr 
multi-layer  of  discrete  scatterers  (more  usu¬ 
ally  nonspherical ,  e.g.  spheroid,  cylinder, 
disk,  etc.)  (ref. 12),  or  a  continuous  random 
medium  (ref. 13)  with  Gaussian  or  exponential 
correlation  function,  and  noisotropic  corre¬ 
lation  lengths.  The  several  examples  in  the 
modeling  are  also  shown  in  Fig.l.  The  fracti¬ 
onal  volume  of  scatterers  111  vegetation  is 

generally  smaller  than  0.1.  The  RT  equation  is 
applied  to  solve  multiple-scattering  and  ther¬ 
mal  emission  from  vegetation.  For  the  two-dis¬ 
tinct  layers  model,  two  RT  equation  with  cou¬ 
pling  boundary  conditions  have  to  be  solved. 
The  permittivity  of  vegetation  canopy  (leaf, 
grain,  etc.)  follows  the  empirical  formulati¬ 
ons  of  the  four-phase  refractive  model  (ref. 
16).  Then,  the  mean  permittivity  of  whole  la¬ 
yer  (  vegetation  and  air  )  is  obtained  by  the 
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mixture  formula,  which  is  related  with  the 
scatterer  shape.  The  correlation  lengths 
(around  the  order  of  mm  and  cm)  correspond  to 
the  physical  structure  of  the  vegetation,  and 
are  choosen  to  optimally  match  with  the  expe¬ 
rimental  data.  Fig. 8  shows  a  numerical  result 
and  matching  with  the  data  of  full  grown  corn 
at  1.4  GHz.  The  vertical  and  transverse  corre¬ 
lation  lengths  are  1  cm  and  0.1  cm,  respecti¬ 
vely. 


Fig. 8  Brightness  temperature  vs  Angle  for 
a  layer  of  full  grown  corn 

Increasing  the  correlation  lengths  is,  equi¬ 
valently,  to  increase  the  size  of  scatterer, 
and  will  initially  increase  the  brightness 
temperature,  then  will  signif icantl ly  darken 
the  emission  due  to  strong  backseat ter ing . 

(5) .  Soil: 

Theoretical  analysis  of  thermal  emission  from 
dry  and  wet  soil  is  usually  restricted  to 
finding  an  effective  permittivity  for  soil. 

By  using  the  fluctuation  dissipation  approach 
the  emissivity  from  wet  soil  with  temperature 
and  wetness  profiles  can  be  obtained.  It  can 
be  seen  also  from  Eq.(1).  The  mean  permitti¬ 
vity  of  wet  soil  is  based  on  the  empirical 
mixture  formula  (ref. 14).  The  effect  from  the 
randomly  rough  surface  can  be  properly  taken 
into  account  by  employing  the  approaches  of 
scattering  from  rough  surface.  Soil  land  is 
often  modeled  as  a  half -space  underlying  ho¬ 
mogeneous  or  inhomogeneous  medium  for  remote 
sensing  of  snow,  vegetation,  etc. . 

(6) .  Simulation  of  Atmospheric  Radiative 
transfer 

Simulated  SSM/1  brightness  temperature  is  cal¬ 
culated  by  the  radiative  transfer 
,P 

1(0) =e_ ( 0 )B(TS )exp( - J  kdp' / cos8 ) 

♦  (  1-e„O))exp(-J?kdp'/cos0)  f  SB(T(p)  )dx' 

o 

♦5  B(T(p))dt'  ,  (3) 

ps  .  A  , 

wnere  x.  ip;  -exp( -jpKdp  /cosbi.  U«)  is  tne 
microwave  radiance.  B  is  the  Plank  function, 

Ps  is  the  surface  pressure,  k  is  the  gas  ab- 
soption  coefficient,  X is  the  downward 
transmission  function.  Appropriate  atmosphe¬ 
ric  profile  can  be  obtained  as  a  input  data. 
The  emissivity  of  the  surface  es(8)  is  cal¬ 
culated  by  the  above  modeling  simulations. 

DMSP  SSM/I  data  (ref. 15)  was  collected  over 
the  ocean,  moderate  and  heavy  vegetation,  and 
snowpack.  The  similatlons  provide  the  spec¬ 


tral  properties  of  the  SSM/I  brightness  tem¬ 
perature.  and  is  favorably  matched  with  DMSP 
DMSP  SSM/I  data  collected  over  the  selected 
areas.  The  results  are  given  in  Fig. 9. 


Fig. 9  Brightness  temperature  vs  Frequency  for 
comparislon  with  DMSP  SSM/I  data  over  selec¬ 
ted  areas 
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A  new  approach  to  the  reduotion  of  scattered,  Interfering  signals 
that  corrupt  measurments  of  the  signal  baokscattered  from  radar 
targets  of  Interest  is  being  developed.  It  is  being  tested  with 
sphere  measurements  in  an  indoor  microwave  radar  range.  This  method 
1 s  based  on  the  concept  of  Wiener  filtering  (which  minimizes  the 
difference  between  the  signal  plus  noise  and  the  desired  signal  in  the 
time  domain) .  In  contrast  to  the  traditional  Wiener  filter,  in  which 
the  time  domain  difference  between  two  sequences  are  minimized,  the 
approach  reported  here  employs  the  frequency  domain  phasor  amplitudes 
of  a  swept  frequency  signal.  It  minimizes  the  difference  (least-mean 
-square-magnitude)  between  the  signal-plus-noise  and  the  signal 
complex  phasors,  across  the  entire  spectrum.  The  Wiener  filter 
therefore  has  complex  coefficients  whloh  aot  on  the  phasors  associated 
with  the  sequenoe  of  frequencies.  The  design  of  the  filter  is  based 
on  the  complex  autocorrelations  of  the  slgnal-plus-nolse  and  the 
noise.  This  approaoh  is  attractive  in  radar  range  measurments  where 
the  support  structures  create  Interfering  baokscattered  waves. 
Initial  tests  with  a  48  coefficient  filter  applied  to  401  oomplex 
phasor  amplitudes  lndioate  successful  results. 
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ABSTRACT 

In  preperation  for  interprctting  ERS-1  data  for  land  use,  a  C-band 
radar  has  been  developed  at  the  institute.  The  radar  consists  of  two 
20  dB  standardgain  horns,  placed  with  orthogonal  polarizations  in 
the  top  of  a  27  m  high  transportable  telescopic  mast  and  connected  to 
the  two  ports  of  the  S  parameier  testset  in  our  HP  8510B  network 
analyser  system  with  two  35  m  long  lowloss  cables.  The  horns, 
which  are  fully  steerable  in  azimuth  and  elevation,  are  both  used 
both  for  transmitting  and  receiving  and  the  builtin  twelve-errorterm- 
correction  of  the  network  analyser  is  used  to  calibrate  the  measure¬ 
ments  to  get  the  four  complex  S-parameters  simultaneously  over  a 
number  of  discrete  frequencies.  The  data  is  then  transformed  to  time 
domain  where  it  is  corrected  for  the  antenna  gain  and  for  the  range 
dependence  of  the  illuminated  beam  area  and  of  the  spreading 
loss.The  complex  scattering  matrices  from  individual  scatterers 
within  the  mainlobe  can  thereby  be  determined  with  a  range  resolu¬ 
tion  downto  approximately  10  cm  (max  bandwith  of  the  horns  is 
2.05  GHz).  In  the  future  it  is  planned  to  expand  the  system  with 
horns  in  the  L-band  and  X-band  or  with  a  broadband  (1-18  GHz) 
crosspolarizcd  antenna  depending  on  future  grants. 

1.  INTRODUCTION 

As  a  part  of  a  national  program  the  Swedish  Institute  of  Space 
Physics  has  initiated  a  project  that  will  investigate  the  possibility  of 
using  ERS-1  data  for  land  resources  overwiev.  The  reasons  for 
locating  this  activity  at  Kiruna  was  partly  because  of  the  location  of 
the  ESA-ground  station  that  is  going  to  receive  data  from  and  to 
some  part  control  the  European  ERS-1  satellite. 

In  order  to  meet  future  demands  on  interpretting  data  from  polari- 
metric  satellites  it  was  decided  that  we  should  not  only  do  measure¬ 
ments  in  the  same  polarization  and  frequency  as  the  ERS-1  but  we 
should  also  do  fully  polarimetric  measurements  at  several  frequency 
bands.  As  a  first  step  towards  this  capability  we  applied  for  and 
received  grants  from  the  Wallenberg  foundation  to  purchase  a  net¬ 
work  analyser  to  be  used  as  a  transmitter  and  receiver  as  well  as  a 
data  processing  unit  in  the  whole  frequency  range  of  interest. 


2.  SYSTEM  DESCRIPTION 

To  be  able  to  do  measurements  of  fairly  high  trees  in  a  geometry  that 
is  similar  to  that  of  ERS-1  with  an  incidence  angle  of  22  degrees  it  is 
necessary  to  place  the  radarantennas  at  a  height  of  nearly  30  m.  It  is 
also  essential  to  be  able  to  make  measurements  at  many  different 
locations  to  collect  data  from  a  great  number  of  different  vegetation 
types.  The  choice  we  did  was  to  purchase  a  mast  that  is  mounted  on 
a  trailer  and  made  of  five  telescopic  sections  which  allows  the  mast 
to  be  raised  to  a  height  of  27  m.  The  permissable  antenna  area  is 
1  and  max  load  is  1000  N.  We  also  decided  that  we  should  use 
the  S-parameter  testset,  the  calibration  capability  and  the  large 
dynamic  range  of  the  networkanalyscr  to  make  polarimetric 
measurements  with  only  two  linearity  polarized  pyramidial  horns. 
The  frequency  band  of  the  horns  was  chosen  to  be  compatible  with 
that  of  ERS-1  i.  e.  5.3  GHz.  The  networkanalyscr  and  the 
hostcomputer  is  placed  in  a  van  which  can  tow  the  trailer. 

In  order  to  make  the  system  even  more  flexible  we  also  purchased  a 
computer  controlled  antennarotor  steerable  in  180  degrees  in 
elevation  and  360  degrees  in  azimuth.  The  cables  that  connect  the 
horns  with  the  networkanalyser  are  35  m  long  and  has  only  10  dB 
transmisson  loss  at  5.3  GHz  and  are  usable  up  to  a  frequency  of 
10.2  GHz. 

In  purpose  of  getting  better  documentation  over  the  measured  data 
we  also  have  placed  a  remotely  controlled  videocamera  between  the 
horns  looking  in  the  same  direction  as  them. 

3.  CALIBRATION  TECHNIQUE 

The  reflections  and  the  attenuation  in  the  cables  and  connectois  ate 
numerically  compensated  for  by  the  12-errorterm  calibration  model 
that  is  implemented  in  the  network  analyser.  In  order  to  compute  the 
right  errorterms  we  are  using  the  calibration  kit  that  we  purchased 
for  our  dielectric  measurements  and  we  arc  making  the  calibration 
with  TRL-calibration  technique.  In  that  way  we  can  calibrate  at  the 
waveguideside  of  coax-to-waveguide  adapters  that  connect  the 
coaxcables  with  the  horns.  By  viewing  the  data  in  timedomain  we 
immediately  get  an  indication  on  how  well  our  calibration 
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succeeded.  The  horns  themselves  are  low  reflective  and  practically 
lossless  why  in  a  first  approximation  their  influence  can  be  neglected 
and  merely  gated  away  The  antenna  gains  are  rather  readily 
calculated  from  their  approximate  aperture  functions  and  can  be 
compensated  for  in  the  frequency  domain,  afterwards  the  range 
dependent  terms  in  the  radarequation  can  be  corrected  for  in  the  time 
domain  after  an  FFT  of  the  data.  By  converting  back  to  frequency 
domain  one  should  get  a  good  approximation  of  the  scattering 
matrices  as  seen  from  the  satellite  and  there  should  also  be  a  fading 
effect  in  frequency  which  makes  it  possible  to  calculate  the 
necessary  means  in  order  to  determine  the  scattering  coefficients. 


4.  MEASUREMENT  STRATEGY 

We  are  planning  to  select  a  number  of  locations  in  the  neighbour¬ 
hood  of  Kiruna  which  represent  different  vegetationtypes  such  as 
different  kinds  of  forest,  clearcuts,  swaps  and  so  on.  In  order  to  get 
temporal  information  we  are  planning  to  revisit  those  locations  at 
different  seasons  and  under  varying  weather  conditions.  Beside  the 
cross-section  measurements  we  are  planning  to  measure  the 
dielectric  constant  of  some  key  materials  that  could  effect  the  radar 
cross-section. 


5.  CONCLUSION 

With  our  radarsystem  we  are  filling  the  gap  between  airborne  radar- 
systems  and  truckmountcd  radarsystems.  We  have  the  possibility  to 
control  the  exact  position  of  the  radar  and  to  revisit  the  same  spot 
many  times  in  order  to  make  comparisons  of  the  measured  data 
under  varying  temporal  conditions  and  at  the  same  time  we  have  the 
possibility  to  do  measurements  of  rather  high  forest  from  above  the 
canopies  to  resemble  satellite  measurements.  By  using  the  S-para- 
meter  testset  of  our  network  analyser  we  arc  able  to  do  polarimetry 
with  only  two  antenna  elements  so  long  they  are  low  reflective  and 
connected  to  the  ports  with  lowloss  cables. 
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ABSTRACT 

This  paper  describes  a  proposed  program  of  space 
observations  as  part  of  the  Canadian  Global  Change 
Program.  The  proposed  program  was  developed  by  the 
Remote  Sensing  Technical  Group  established  by  the 
Royal  Society  of  Canada.  In  addition  to  areas  of 
emphasis  and  guidelines  for  the  selection  of  projects, 
reauirements  for  satellite  data  and  data  handling 
systems  (Including  data  Integration,  communications) 
are  discussed.  The  full  program  Is  contingent  upon 
additional  funding, 

RESUME 

Cet  article  ddcrit  un  programme  d’observations 
spatiales  falsant  partle  du  Programme  canadlen  de  la 
transformation  du  globe.  Le  Groups  technique  de  la 
teiedEtection  constltue  par  la  SocietE  Royal  du  Canada 
a  d6velopp6  ce  d It  programme.  Les  champs  d’actlon  et 
les  directives  pour  la  selection  des  projats  sont 
discutes;  alnsl  que  les  specifications  pour  les 
donnEes  satellitalres  et  les  systEmes  de  manipulation 
de  donndes  (Incluant  1 ’ Integration  des  donnEes,  les 
communications).  Le  programme  general  en  lu1-m§me  est 
condltlonnel  A  des  financements  compiementalres. 

1.  INTRODUCTION 

In  recent  years  the  scientific  community,  decision 
makers  and  the  population  at  large  have  come  to 
realize  that  the  global  environment  Is  undergoing 
substantial  changes.  The  crucial  Importance  of  the 
state  of  the  environment  for  the  well-being  and  future 
prosperity  of  humankind  has  been  brought  to  focus  at 
the  political  and  economic  levels  as  well  (Lecuyer  and 
Altken,  1987;  Anonymous,  1988).  Many  of  the  present  or 
anticipated  environmental  problems  are  continental  or 
global  in  nature,  and  the  traditional  data  gathering 
as  well  as  processing  techniques  are  no  longer 
sufficient  for  either  monitoring  or  process  studies. 

Global  observations  of  the  Earth  u*th  satellite 
sensors  are  required  simply  because  no  other  approach 
permits  measurements  to  be  made  at  the  required 
spatial  and  temporal  resolutions.  Satellite  sensors 


can  acquire  Information  about  the  geosphere, 
biosphere,  hydrosphere,  cryosphere,  and  atmosphere. 
In  addition  to  monitoring  changes  as  they  occur,  this 
Information  makes  possible  new  Insights  into  how  the 
planet  functions  (Malone,  1988).  Many  of  the  changes 
In  the  global  environment  may  be  monitored  on  a  world¬ 
wide  basis  with  remote  sensing  satellite  systems. 
Following  several  remote  sensing  satellites  planned 
for  the  early  1990s,  the  Earth  Observing  System  (Eos) 
will  be  launched  by  NASA,  the  Furopean  Space  Agency 
(ESA)  and  the  Japanese  NASDA  starting  In  1996.  Eos 
platforms  will  carry  a  large  array  of  sensors  designed 
to  monitor  the  Earth  as  one  system,  and  will  provide 
the  first  comprehensive  coverage  of  global  processes 
from  a  complementary  suite  of  remote  sensing 
Instruments. 

Realizing  the  serious  challenge  posed  by  the  various 
environmental  changes,  the  International  Council  of 
Scientific  Unions  Initiated  an  International 
Geosphere-Biosphere  Programme  (IGBP)  In  1986.  In 
preparation  for  the  program  of  global  change  studies, 
the  Royal  Society  of  Canada  Initiated  a  planning 
process  to  define  a  Canadian  Global  Change  Program 
(CGCP).  A  Remote  Sensing  Technical  Group  was  set  up  to 
assist  In  this  planning  process  by  defining  a  remote 
sensing  contribution  to  the  program.  This  paper 
provides  a  brief  overview  of  the  main  findings  of  this 
Group;  a  full  report  will  be  published  separately 
(Clhlar  et  al. ,  1989). 

2.  OBJECTIVES  AND  SCOPE 

Given  the  long-term  nature  of  the  global  change 
program  (measurements  over  a  20-year  period  are 
envisioned);  the  early  stages  of  the  planning  process; 
and  the  research  that  needs  to  be  done  before  space 
observations  can  routinely  be  used  for  monitoring 
global  change,  It  is  evident  that  the  program  should 
be  planned  in  two  stages.  The  objectives  can 
realistically  be  defined  only  for  the  first  stage 
during  which  preparations  for  the  routine  monitoring 
of  the  earth  should  be  carried  out.  It  Is  proposed 
that  the  following  goals  be  achieved  during  the 
preparatory  phase  (l.e. ,  by  1996): 
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1.  Complete  the  development  of  procedures,  models,  and 
data  handling  systems  which  are  required  use 
satellite  data  for: 

*  detecting  global  changes  over  Canadian  territory 
with  emphasis  on  the  boreal  forest,  grasslands, 
agricultural  regions,  the  coastal  zone,  sea  and 
lake  Ice,  snow,  permafrost,  and  the  atmosphere: 

*  assessing  the  magnitude  of  the  changes;  and 

*  determining  its  current  and  future  impact  of  these 
changes. 

2.  Develop  next-generation  satellite  data  processing 
and  modelling  technologies  with  emphasis  on  the 
Integration  of  image  analysis,  geographic 
information  systems,  and  digital  networks. 

3.  Contribute  to  the  definition,  development,  and 
Implementation  of  international  satellite 
observation  programs  for  global  change  studies. 

The  above  goals  are  motivated  by  the  economic  and 
social  self-interest  of  Canada;  its  responsibility 
both  as  the  second  largest  country  in  the  world  and  a 
technologically  advanced  space  nation;  and  its 
commitment  to  environmental  preservation  and 
sustainable  development.  The  achievement  of  these 
goals  will  place  Canada  In  an  excellent  position  to 
establish  a  long-term,  affective  system  for  using 
space  observations  for  global  change  as  well  as 
resource  management  purposes. 

In  order  to  develop  the  procedures  and  models  for 
using  the  data  from  future  satellite  systems, 
investigations  should  be  planned  on  a  case  by  case 
basis.  Where  possible,  advantage  should  be  taken  of 
other  programs  underway  or  planned,  nationally  or 
internationally.  Some  projects  have  been  started  or 
are  under  active  consideration,  others  need  to  be 
developed.  The  range  of  investigations  that  should  be 
undertaken  in  Canada  include  atmospheric  correction 
models,  albedo  and  net  radiation  mapping  for  climate 
modelling,  vegetation  monitoring  and  modelling, 
monitoring  of  atmospheric  constituents,  monitoring 
cryospherlc  variables  and  oceans  monitoring.  Details 
concerning  these  investigations  are  provided  elsewhere 
(Cihlar  et  al.,  1989).  A  final  list  of  possible 
projects  will  result  from  further  discussions  within 
the  CGCP,  as  well  as  in  the  international  scientific 
community. 

3.  SATELLITE  OATA  AND  ANALYSIS  SYSTEMS  NEEDS 
3.1  Project  selection  criteria 

The  IGBP  provides  many  challenges  and  opportunities. 
The  human  and  financial  resources  that  Canada  may  be 
able  to  devote  to  the  program  will  likely  not  be 
sufficient  to  cover  all  the  Important  questions,  and 
choices  will  clearly  be  necessary.  Three  criteria  are 
proposed  to  make  these  choices  in  the  CGCP: 

*  The  problem/issue  selected  should  be  Important  for 
global  change  In  the  Canadian  or  world-wide 
context.  Importance  could  be  economic  or 
scientific,  or  preferably  both. 

*  Problems/issues  that  are  unique  to  Canada  should 
receive  priority.  The  main  reason  for  "uniqueness" 
will  be  the  geographic  location  of  Canada  on  the 
globe  and  the  consequent  role  of  this  northern 


latitude  region  In  exhibiting,  or  affecting  the 
trend  of,  global  changes. 

*  Other  conditions  being  equal,  problems/issues  where 
Canada  has  strength  should  receive  priority. 

3.2  Satellite  data  needed 

Historical  satellite  data  are  kept  In  two  basic  types 
of  archives,  national  and  global.  National  archives 
usually  maintain  data  received  by  that  country  through 
direct  downlink  to  a  ground  receiving  station. 
Generally,  these  are  data  either  provided  by  sensors 
(often  experimental)  launched  by  that  country,  or  data 
from  foreign  satellites  which  are  considered  important 
In  the  national  context.  Existing  national  archives 
typically  contain  data  from  sensors  that  provide 
Images  at  high  resolution  and  relatively  high  data 
rates.  The  Canada  Centre  for  Remote  Sensing  (CCRS) 
archive  of  LANDSAT  data  received  by  Canada  since  1972 
is  an  example  of  this  type. 

Numerous  satellite  sensors  gather  data  that  need  to  be 
collected  around  the  world  to  provide  meaningful 
Information  (e.g.,  atmospheric  measurements).  These 
data  can  be  efficiently  handled  by  one  agency  In  a 
global  archive.  Such  an  agency  may  have  national 
mandate,  or  may  serve  the  needs  of  the  International 
scientific  community  (e.g.,  the  World  Data  Centers). 
Global  archived  data  sets  will  be  crucially  important 
for  the  success  of  global  change  studies,  and  the 
organization  of  these  facilities  therefore  warrants 
special  attention. 

The  Canadian  program  of  earth  observations  for  global 
change  must  assure  access  to  both  types  of  satellite 
data.  It  is  Important  that  data  received  In  Canada  be 
stored  In  permanent  archives  so  that  they  are  readily 
accessible  and  furthermore,  Canadian  scientists  must 
be  able  to  access  relevant  data  from  other  satellites 
archived  outside  of  the  country. 

During  the  operational  period  of  the  IGBP,  the 
following  satellite  data  should  be  available: 

*  Broad  coverage  of  the  entire  territory  (Including 
the  coastal  zone)  using  sensors  that  measure 
atmospheric  or  surface  variables.  These  could  be 
coarse-resolutlon  scanning  sensors  or  profiling 
sensors. 

*  High  spatial  and  spectral  resolution  coverage  of 
selected  sites  on  a  sampling  basis.  In  general, 
these  sensors  yield  large  amount  of  detailed  local 
information  but  they  cannot  provide  global  coverage 
with  a  sufficiently  short  repeat  cycle. 

Both  types  of  data  described  above  will  be  collected 
by  various  satellites  launched  In  different  programs, 
and  only  some  of  these  will  be  directly  received  by 
Canadian  ground  stations.  This  is  why  access  to 
satellite  data  stored  in  foreign  archives  Is  Important 
for  the  Canadian  Global  Change  Program. 

The  multinational  polar  platform  EOS  program  will 
require  a  linked  network  of  earth  observation  data 
centres  by  the  International  partners  to  facilitate 
data  access  and  exchange.  The  USA  plans  Include  the 
development  of  a  data  management  system  (EosDIS)  that 
will  serve  the  International  scientific  community 
studying  global  change.  So  far,  there  Is  only  limited 
demonstration  project  experience  In  archiving  and 
management  of  global  data  sets  for  supporting 
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scientific  research.  Canada  will  need  to  plan  Its 
participation  In  the  global  data  archive  and 
management  by  building  on  existing  strengths  in 
government  data  centres  and  In  Industry.  A  Canadian 
link  to  the  International  data  exchange  and  archive 
network  will  need  to  be  established  to  facilitate  the 
access  to  data  for  global  change  which  Is  necessary 
for  active  participation  by  Canada. 

Data  archived  in  Canada  must  be  stored  In  a  manner 
which  will  assure  their  preservation  and  retrieval  for 
an  essentially  indefinite  period  of  time.  This 
requirement  Implies  the  permanency  of  the  storage 
medium  Itself  as  well  as  the  upward  compatibility  of 
the  data  storage  and  retrieval  technology  as  the 
state-of-the-art  develops  In  the  future.  With  new 
storage  media  such  as  optical  disks  and  optical  tapes, 
the  first  problem  Is  becoming  effectively  resolved. 
However,  the  question  of  recording  data  In  a  format 
that  will  be  readable  In  the  future  will  require 
continuing  attention. 

3.3  Data  handling  systems  requirements 

Research  and  applications  carried  out  within  the  IGBP 
will  be  typified  by  extensive  use  of  digital  data 
which  must  be  processed  through  a  variety  of 
Inversion,  descriptive,  and  predictive  models.  The 
data  will  reside  In  data  banks  managed  by  different 
agencies,  primarily  In  Canada  but  data  from  other 
countries  will  also  be  required.  It  will  be  critically 
Important  that  Individuals  Involved  In  the  IGBP  have 
the  means  to  determine  what  data  are  available,  to 
obtain  the  required  data  sets  from  the  data  bases,  and 
to  combine  and  process  these  using  appropriate  models. 

At  the  present  time,  the  formats  of  Individual  digital 
data  bases  of  potential  Importance  to  the  CGCP  are 
different,  and  access  to  the  data  Is  often  difficult 
and  time-consuming.  They  are  accessed  via  computer 
tapes  and  usually  Involves  reformatting  and  the 
resolution  of  compatibility  problems.  The  data  and 
Information  system  needed  for  the  CGCP  should  have  the 
following  features: 

*  Capability  to  determine  from  a  remote  terminal  what 
data  are  available  In  the  various  data  national  or 
International  data  bases  (regardless  of  the 
physical  location  of  these  data); 

*  Capability  to  ascertain  (on  -  line)  those 
characteristics  of  the  data  which  will  allow 
deciding  whether  the  data  should  be  acquired  for 
the  purpose  at  hand; 

*  Capability  to  transfer,  or  place  an  order  for,  a 
subset  of  a  data  base; 

*  Ability  to  combine  data  from  various  data  bases  and 
forms  (point,  line/polygon,  raster)  Into  a  unifying 
framework,  most  often  on  a  geographical  basis; 

*  Capability  to  manipulate  elements  of  the  Integrated 
data  set; 

*  Capability  to  Input  the  digital  data  Into  various 
models; 

*  Capability  to  run  the  models  as  part  of 

development,  verification,  validation,  or 
application  activities,  and  to  exchange  the 
results. 


Conceptually,  the  above  capabilities  can  be  provided 
by  networking  data  bases  (featuring  a  standardized 
access)  with  Image  analysis/geographic  Information 
systems;  this  configuration  Is  termed  GCNet.  GCNet 
would  take  advantage  of  existing  computer  network 
capabilities.  Its  unifying  theme  will  be  the  common 
Interest  of  the  GCNet  participants  In  the  problems  of 
global  change,  and  the  joint  development  and  use  of 
tools  needed  for  global  change  activities. 

The  geographic  Information  system  (GIS)  concept  has 
been  developed  principally  for  combining  and 
manipulating  various  location  -  specific  data  types 
with  the  Intended  purpose  of  obtaining  a  new  insight 
Into  a  problem  or  deriving  new  Information.  For  global 
change  work,  the  GIS  should  have  the  following 
capabilities: 

*  To  handle  point,  line,  polygon,  tabular,  raster 
(Image)  and  vector  data  easily  and  efficiently; 

*  To  rapidly  convert  between  raster  and  vector  formats 
without  loss  of  spatial  accuracy; 

*  To  answer  queries  concerning  data  content;  to  combine 
data  layers;  to  run  models  using  the  data;  and 
generally  to  apply  various  numerical  spatial 
operations; 

*  To  display  data  graphically  and  to  provide  various 
output  formats  (Including  cartographic  outputs  and 
simulated  model  results); 

*  To  facilitate  Interactions  with  digital  data  bases 
listed  above. 

A  number  of  systems  are  presently  available 
commercially,  In  Canada  as  well  as  Internationally. 
However,  the  existing  systems  do  not  have  all  the 
capabilities  required  for  global  change  applications. 
This  Is  due  to  the  combination  of  demanding 
requirements  and  the  continually  developing  state-of- 
the-art  In  GISs.  The  next  generation  of  GISs  Is  under 
development,  and  attempts  are  being  made  to  build  In 
some  of  the  desired  features  (e.g.,  Smith  et  al. 
(1986). 

The  discrepancy  between  the  requirements  suggested 
above  and  present  capabilities  highlights  the  need  to 
conduct  further  research  and  development  In  a  focused 
way  so  that  advanced  GIS  systems  become  available  for 
global  change  activities.  It  should  be  emphasized  that 
In  comparison  with  existing  GIS  products, the  advanced 
systems  will  also  be  of  superior  value  for  the 
management  of  natural  resources  (which  currently 
represents  a  major  use  of  GISs  In  Canada). 

The  development  and  Implementation  of  a  data  and 
information  systems  described  here  will  be  a 
complicated  process  that  will  require  time  and  the 
active  cooperation  of  numerous  agencies,  In  Canada  and 
Internationally.  Clearly,  It  will  not  be  possible  to 
do  a  wholesale  replacement  of  the  existing  facilities 
with  new,  compatible  ones.  However,  it  Is  possible  to 
agree  on  a  common  set  of  standards  as  a  goal ,  and  to 
adopt  a  policy  of  gradual  transformation  of  the 

existing  systems  to  this  standard  (Office  of  Space 
Science  and  Applications,  1987).  In  this  way,  a 
distributed  system  with  progressively  Increasing 
capabilities  can  be  developed. 

Developments  with  high  relevance  for  advancing  the 
GCNet  concept  are  already  taking  place  at  the 
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Department  of  Fisheries  and  Oceans:  the  Atmospheric 
Environment  Service;  the  National  Research  Council: 
the  Department  of  Energy,  Hines  and  Resources;  and 
elsewhere, 

3.4  Observatories 

An  integral  component  of  a  space  observations  Is 
verification  of  Image-based  algorithms  or 
interpretation  procedures  against  ground  data. 
Consequently,  it  is  important  that,  in  the  IGBP 
planning  piocess.  provision  for  state-of-the-art  field 
observatories  be  made  that  address  the  remote  sensing 
requirements.  The  planning  of  such  observatories  is 
underway  in  Canada  and  internationally.  A  list  of 
observational  requirements  for  different  components  of 
the  environment  has  been  prepared  (Cihlar  et  al., 
1989). 

4.  CONCLUSIONS 

The  IGBP  provides  an  opportunity  for  Canada  to  develop 
better  understanding  of  the  environment  In  which  we 
live,  and  the  way  In  which  our  way  of  life  may  be 
affected  in  the  future  by  possible  large  -  scale 
changes  in  this  environment.  With  a  more  complete 
knowledge  of  the  environment,  we  can  Implement 
economic  and  social  policies  in  tune  with  the 
environmental  imperatives  and  thus  achieve  the  goal  of 
sustainable  economic  development. 

Since  the  monitoring  and  understanding  of  global 
change  necessitates  that  repeated  observations  of  a 
variety  of  biophysical  parameters  be  made  over  very 
large  areas,  remote  sensing  -  particularly  satellite 
observations  -  must  make  a  key  contribution  to  ensure 
success  for  this  program.  This  need  places 
considerable  responsibility  on  those  Involved  In 
remote  sensing  research  and  applications  as  well  as  In 
the  development  of  programs  and  policies  for  the 
future.  It  is  clear  that  the  potential  for  a  pivotal 
remote  sensing  contribution  to  the  CGCP  exists.  Its 
realization  necessitates  that  much  progress  be  made  In 
the  areas  of  satellite  data  acquisition,  archiving  and 
access:  the  extraction  of  blogeophyslcal  Information 
from  satellite  observations  using  inversion  models; 
the  establishment  of  systems  that  will  facilitate 
global  change  research,  including  technological 
developments  in  certain  key  areas;  and  the  formulation 
and  Implementation  of  a  plan  of  activities  that 
focuses  the  various  techniques  available  for  global 
change  studies  -  laboratory,  remote  sensing,  field, 
modelling  -  on  problems  that  are  of  critical 
importance  to  the  Canadian  portion  of  the  globe.  From 
the  viewpoint  of  remote  sensing  applications,  it  Is 
very  Important  to  bear  In  mind  that  the  techniques  and 
knowledge  developed  through  global  change  research 
will  be  directly  applicable  to  the  more  established 
resource  management  uses  of  satellite  data. 

For  remote  sensing  to  make  a  contribution  to  global 
change  studies,  It  Is  critical  that  the  data  be 
accessible  at  a  low  cost.  This  Is  because  of  the  large 
volumes  of  data  required  and  the  fact  that  funding 
agencies  do  not  have  Lne  Funds  that  would  bs  needed  tc 
purchase  the  data  if  policies  such  as  those  presently 
applied  to  high  resolution  satellite  optical  data 
appl led. 

The  proposed  remote  sensing  program  Is  very  ambitious. 
In  our  view,  Canada  has  the  necessary  scientific  and 
technological  capabilities.  However,  significant  new 
resources  will  be  needed  to  achieve  the  Intended 


qoals.  It  should  be  remembered  that  these  Investments 
will  provide  payoff  not  only  In  understanding  and 
assessing  the  impact  of  global  changes  but  also  In 
resource  management  and  in  the  development  of  advanced 
Information  handling  technologies. 
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ABSTRACT 

A  solar  albedo  model  based  on  converting  narrow  band 
satellite  derived  reflectance  to  four  major  spectral 
regions  (ultraviolet,  visible,  near-infrared  and 
shortwave  middle-infrared)  and  weighted  by  the 
relative  supply  of  global  solar  radiation  is  studied 
and  further  developed.  Narrow  band  to  broad  band 
conversions  within  visible  and  near-infrared  regions 
are  shown  to  be  accurate;  however,  the  transformations 
are  indicated  to  be  surface  feature  dependent. 
Atmospheric  aerosol  and  illumination  effects  are 
indicated  to  be  near  insensitive  to  spectral  region 
integrations  for  solar  albedo  estimation,  but  are 
shown  to  be  significant  factors  affecting  the  spectral 
and  canopy  albedo.  The  erectophile  and  spherical 
canopy  albedos  were  sensitive  to  atmospheric  and 
illumination  condition,  whereas  the  planophi le  was 
relatively  insensitive.  The  contribution  of  a 
shortwave  middle-infrared  reflectance  to  the  canopy 
albedo  is  shown  to  be  an  important  component, 
accounting  for  albedo  changes  to  16X  with  increasing 
green  vegetation. 

Key  Words:  Albedo,  Atmospheric  Effect,  Canopy  Modeling 

1.  INTRODUCTION 

The  remotely  sensed  estimation  of  a  surface,  solar 
albedo,  or  the  percentage  of  solar  radiation  reflected 
at  the  surface,  is  associated  with  numerous  problems. 
In  addition  to  basic  remote  sensing  problems  of  sensor 
radiometric  calibration,  atmospheric  attenuation  with 
scattering,  and  emission  corrections,  image  to  map 
registration  and  sensor  autocorrelation,  there  are 
problems  associated  with  estimating  the  entire 
hemispherical  surface  exitance  from  the  directional 
only  satellite  derived  radiance,  and  from  converting 
the  sensor  band  pass  derived  reflectance  to  a  broad 
solar  band  reflectance.  There  is  an  acute  need  to 
solve  these  problems  for  the  determination  of  a  solar 
aibHo  to  study  many  land  and  climate  processes. 

Surface  albedo  (or  the  transpose,  surface  absorptan 
accounts  for  nearly  three-fourths  of  all  absor 
solar  radiation  in  the  Earth-atmosphere  syst 
Several  studies  (Ref.  1)  evaluated  changes  in  the  I 
to  atmosphere  reflected  shortwave  energy  fluxes  on 
vertical  atmospheric  motion  and  associa 
precipitation  processes.  Further,  seve 
investigators  have  used  surface  albedo  in  surf 
energy  balance  estimation  to  solve  for  latent  h 
flux  or  evapotranspi ration  as  a  residual  (Ref.  2). 


In  this  paper,  initially,  a  solar  band  estimation 
model  from  satellite  narrow  band  derived  reflectance 
is  given  and  discussed.  Then  specific  processes  and 
problems  related  to  solar,  surface  albedo  are 
addressed:  1)  the  conversion  of  narrow  band  derived 
reflectance  to  solar  band  albedo;  2)  the  effects  and 
dynamics  of  the  spectral  composition  of  the  incident 
solar  radiation;  3)  the  canopy  and  energy  interactions 
from  changes  to  the  angular  distribution  of  the 
incident  solar  radiation;  and  4)  the  ultraviolet  and 
shortwave  middle-infrared  derived  reflectance 
contribution  to  the  solar  albedo. 

2.  SOLAR  ALBEDO  ESTIMATION  MODEL 

Brest  and  Goward  (Ref.  3)  derived  a  solar,  albedo 
model  using  narrow  band  Landsat  MSS  spectral  data.  A 
more  general  form  of  the  model  is  given  next. 

Psolar  =  ^visVvis  +  knirVnir  ♦  ksmir*/,smir  (1) 
ps0|ar  =  solar  albedo 

fspec  =  derived  surface  reflectance  for  the  spectral 
regions  (visible  (0.38-0.72  pm) ,  near-ir 
(0.72-1.30  pm)  and  mid-ir  (1 .3-3. Opm)) . 
k  =  proportion  of  surface,  solar  irradiance  by 
spectral  region 

The  spectral  region  derived  reflectance  is  weighted  by 
the  average  proportion  of  surface,  solar  irradiance 
for  the  specified  spectral  region.  In  this  approach, 
the  spectral  band  derived  reflectance  representing  a 
satellite  bandpass  is  converted  to  a  broad  band  of 
"uniform"  spectral  reflectance.  For  vegetation  they 
assumed  there  are  three  major  spectral  regions  in  the 
solar  band  where  the  spectral  reflectance  is  near 
uniform.  These  three  spectral  regions  are  visible 
(0.38-0.72  pm),  near-infrared  (0.72-1,30  pm),  and 
shortwave  middle- infrared  (1.3-3. Opm).  Gausman 
(Ref.  4)  indicates  these  three  spectral  regions  are 
uniquely  characterized  in  terms  of  the  leaf  optical 
properties  of  reflectance,  absorptance  and 
transmittance. 

3.  SATELLITE  NARROW  BAND  SENSING 

The  satellite  waveband  spectral  response  function  is 
typically  selected  over  narrow  wavelengths  in  the 
solar  region  for  inclusion  within  atmosphere  window* 
and  for  sensing  specific  processes  such  as  chlorophyll 
absorption  and  mineral  type  discrimination. 
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3.1  Satellite  Narrow  Band  to  Solar  Band  Conversion 

A  high  spectral  resolution  field  spectrometer 
(0.38-1. lpm)  was  used  to  collect  spectra  for 
simulating  satellite  waveband  (Table  1)  derived 
reflectivities  for  two  surface  covers  (soybeans  and 
orchard  grass)  at  the  Beltsville  Agricultural  Research 
Center  in  Creenbelt,  Maryland  on  October  8,  1986.  The 
surface  reflectivity  was  derived  from  concurrent 
reference  panel  spectra  following  procedures  given  in 
Kimes  and  Kirchner  (Ref.  5).  The  data  were  collected 
between  0900  and  1200  Idst  at  solar  zenith  angles 
ranging  between  47°  and  70°.  The  field  spectrometer 
derived  spectra  with  a  spectral  resolution  to  0.01  pm, 
were  radiometrics  I ly  calibrated  and  integrated  over 
the  satellite  wavebands  and  for  the  total  visible 
(0.38-0. 72pm)  and  the  near-infrared  (0.72-1. 10pm) 
spectral  regions.  The  spectral  integrations  were 
completed  for  comparing  the  satellite  simulated 
reflectivity  to  the  total  reflected  radiation  by  major 
spectral  subregion.  The  objective  is  to  determine  if 
satellite  derived  narrow  band  reflectance  can  be 
extrapolatod  within  the  total  visible  or  total  near-ir 
spectral  region. 

Linear  regression  analysis  was  conducted  between  the 
satellite  narrow  band  derived  reflectances  (the 
independent  variable(s))  and  the  total  spectral  region 
(i.e.,  visible  and  near-infrared  derived  reflectance). 
For  example,  a  satellite  waveband  sensing  in  the 
visible  such  as  band  1  to  NOAA  AVHRR  (0. 870-0. 695  pm) 
is  compared  in  a  linear  regression  model  to  the 
derived  reflectance  for  the  total  visible  reflectance 
(0.38-0.72  pm) .  Analyses  of  the  correlation 
coefficient  indicates  the  utility  of  the  satellite 
system  to  estimate  a  broad  band  reflectance  for  the 
visible,  near- infrared,  or  combined  visible/near- 
infrared  spectral  region.  A  slope  coefficient  not 
equal  to  one  indicates  that  a  linear  transformation 
may  be  required  before  the  satellite  spectral 
reflectance  may  be  used  to  directly  represent  a 
spectral  region  reflectance. 

Examination  of  Table  1  indicates  all  sensors  with 
wavebands  in  both  the  visible  and  near-infrared 
spectral  regions  (i.e.,  MSS,  Thematic  Mapper  (TM) ,  and 
Advanced  Very  High  Resolution  Radiometer  (AVHRR)) 
significantly  represented  the  surface  reflectance  for 
the  total  visible  and  near-infrared  radiation.  This 
generally  supports  several  studies  indicating  a  high 
relationship  of  reflectance  within  both  the  visible 
and  near-infrared  regions.  The  visible  derived 
reflectance  of  each  satellite  bandpass  is  highly 
correlated  with  the  total  visible  reflectance  by  at 
least  0.964  r2  for  soybeans  and  0.920  r^  for  orchard 
grass  (Table  1).  There  is  however  a  range  in  value  of 
the  linear  slope  coefficients  for  soybeans,  ranging 
from  0.899  (the  closer  to  one  the  better  is  the 
representation  of  the  broad  spectral  region  without 
incorporating  a  correction)  for  landsat  MSS-1  to  0.761 
for  NOAA  AVHRR-1,  and  for  orchard  grass  ranging,  from 
1.03  for  MSS-1  to  0.705  for  MSS-2  (Table  1) . 
Similarly,  for  near-infrared  reflectivities, 
correlations  are  generally  high  for  all  sensors  with 
bands  sensing  within  the  near- infrared.  For  soybeans 
the  correlation  coefficient  is  0.983  r^  and  higher, 
and  for  orchard  grass  the  correlation  is  0.980  r"  and 
higher.  However,  the  range  in  linear  slope 
coefficients  is  higher  for  near-infrared  radiation 
than  for  visible  radiation,  ranging  from  0.909  for 
MSS-4  to  0.681  for  TM-1.  The  high  correlation  but 
changing  slope  coefficients  indicates  the  satellite 
wavebands  may  be  used  to  estimate  a  solar  albedo, 
however,  a  transformation  of  the  satellite  reflectance 


is  probably  noeded.  Since  there  is  a  difference 
between  linear  slopes  for  soybeans  and  orchard  grass, 
analysis  of  results  indicate  a  simple  empirical  model 
may  not  work  for  a  range  of  surface  feature  conditions 
and  hence  future  work  should  study  a  more  robust 
procedure. 


T.bl.  1.  Regression  inily.il  statistics  of  the  aultiple  correlation 
coefficient  (R2),  intercept  (b0)  with  standard  error,  and  slope 
coefficient  ibi)  with  standard  error  for  the  satellite  sinulated  spectral 
reflectance  (independent  variable)  to  the  associated  spectral  region 
(visible,  near-infrared  or  total  0.38-2.3  ^m). 
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.971 

•  OOO(.OOl) 

•981(.037) 

TH3-VIS 

.964 

,008(.002) 

893 (.036) 

.961 

■000(.002) 

.938 (.041) 

T1K-NIR 

.987 

-.007  (.007) 

■697(.016) 

.989 

.007 (.004) 

.681 (.015) 

TU1/4-T0T 

.991 

- 

.980 

- 

4.  SOLAR  RADIATION  SUPPLY  EFFECTS 

To  study,  the  spectral  composition  and  angular 
distribution  of  the  solar  radiation  at  the  surface  on 
the  solar  albedo  the  diffuse  atmosphere  data  set  of 
Dave’  (Ref.  6)  was  evaluated.  The  Dave’  data  sets 
from  Models. 2  ,  3  and  4  were  analyzed  (Table  2).  The 
data  set  is  simulated  at  77  wavelengths  between 
0.31  ftm  and  2.40  ft m. 

Table  2  gives  the  percentage  of  solar  irradiance 
incident  at  the  surface  in  terms  of  diffuse,  direct 
and  global  (direct  ♦  diffuse)  radiation  integrated 
over  the  four  major  spectral  regions  for  Models  2,  3 
and. 4  at  selected  Sun  zenith  angles.  The  global 
radiation  percentages  are  the  spectral  region  solar 
irradiance  coefficients  (i.e.,  k)  in  Equation  (1) . 
Both  an  increasing  Sun  zenith  angle  (i.e.,  0  to  70  0.) 
and  an  increasing  aerosol  loading  (Model  2  to  3  to  4), 
contribute  to  increased  scattering,  producing  less 
direct  radiation  and  more  diffuse  radiation.  For 
direct  radiation  there  is  proportionally  less  energy 
in  the  ultraviolet  and  visible  regions  with  a  shift  of 
energy  to  the  longer  near-ir  and  middle-ir 
wavelengths.  As  can  be  seen  by  the  small  changes  in 
the  global  radiation  proportions  between  illumination 
and  model  conditions,  there  is  nearly  a  complete 
compensating  effect  of  an  increased  diffuse  radiation 
when  there  is  reduced  direct  radiation.  Hence, 
analysis  of  results  indicates  a  single  average  set  of 
spectral  proportions  for  the  global  radiation  may  be 
used  in  Equation  (1)  with  oniy  a  small  introduced 
error  oyer  many  clear  sky  and  illumination  conditions. 
In  addition,  Table  2  shows  the  ultraviolet  and 
shortwave  middle-ir  contribute  to  approximately  FX  and 
10X  of  the  solar  albedo.  Table  2  also  includes  the 
percent  diffuse  radiation  to  global  radiation.  For 
increased  scattering  either  from  a  higher  Sun  zenith 
angle  or  additional  aerosols  there  is  an  increase  in 
the  percentage  of  diffuse  radiation. 
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Tjble  2.  Proportion  of  spectral  Solai  irradianco  at  surface  by  spectral 
region,  Also  given  is  porcont  diffuse  to  global.  Analysis  of  Dave’ 
(1978)  atmosphere  diffuso  data  sot.  Model  2  Oases  with  no  aorosols. 
Model  3  gases  plus  low  loading  (r'a= 0.09  0  .5  fim) .  Model  4  gases  plus 
modorate  aerosol  loading  (r*as0.45  0  ,S  pm). 


UV(0.31-0.38ao)  VSf.38-.72ae)  NRf .72-1 ,3ae)  MRfl.3-2.41ae) 
Exoateosphere  .063  .432  .350  .155 

Sun  Zenith  Anglo 


0°  45°  70° 


Model  2 

uv 

VS 

NR 

UR 

UV 

VS 

NR 

UR 

UV 

VS 

NR 

UR 

Direct 

.471 

.385 

.105 

.031 

.468 

.395 

.106 

.514 

.474 

.431 

.110 

Diffuse 

.313 

.635 

.051 

.001 

.288 

.658 

.054 

.001 

.220 

.711 

.850 

.001 

Global 

.053 

.470 

.368 

.100 

.048 

.480 

.373 

.098 

.039 

.460 

.387 

.097 

Diff(S)  29.6 

6.6 

0.7 

0.1 

39.8 

0.2 

1.0 

0.1 

67.6 

18.0 

2.4 

0.2 

Uodel  3 

Direct 

.038 

.466 

.386 

.no 

.031 

.460 

.397 

.112 

.014 

.428 

.434 

.124 

Diffuse 

.154 

.568 

.242 

.034 

.142 

.579 

.245 

.033 

.111 

.600 

.257 

.033 

Global 

.052 

.478 

.370 

.101 

.048 

.478 

.374 

.099 

,040 

.474 

.386 

.099 

Dif  f  (7t) 

34.4 

13.8 

7.6 

3.0 

45.6 

18.7 

10.1 

5.1 

74.3 

33.8 

17.8 

8.8 

Model  4 

Direct 

.037 

.444 

.390 

.129 

.029 

.429 

.402 

.140 

.012 

.360 

.434 

.194 

Diffuse 

.077 

.528 

.340 

.056 

.070 

.528 

.345 

.056 

.058 

.521 

.350 

.062 

Global 

.050 

.472 

.373 

.104 

.046 

.471 

.378 

.105 

.042 

.464 

.385 

.108 

Dif f (%)  50.8 

37.4  30.5 

17.8 

63.0  47.5  38.6  22.7 

89,0 

72.8 

60.4  37.1 

4.1  Diffuse  ys.  Direct  Radiation  Effects 

Analysis  of  the  diffuso  versus  direct  radiation 
effects  on  solar  albedo  was  studied  using  canopy 
reflectance  simulation  modeling.  The  extended  Suits 
model,  SAIL  (Ref.  7),  with  the  addition  of  a  complete 
leaf  angular  distribution  was  used.  The  SAIL  model 
has  shown  to  be  in  reasonable  accuracy  against  'in- 
house",  field  collected  bidirectional  reflectance 
data.  Results  may  be  determined  at  any  relative 
azimuth  and  view  angle  for  a  specific  Sun  zenith 
angle.  For  comparison  between  conditions  the  view 
zenith  and  relative  azimuth  angles  of  00°  and  90°  as 
recommended  by  Kime3  and  Sellers  (Ref.  8)  were  used. 
These  angles  were  found  to  represent  a  hemispherical 
albedo  for  a  wide  range  of  conditions  to  within  11%, 
working  optimally  between  30°  and  45°  Sun  zenith 
angles.  The  canopy  optical  properties  (Ref.  4)  were 
estimated  from  the  average  green  leaf  optical 
properties  averaged  over  the  ultraviolet,  visible, 
near-infrared  and  middle-infrared  wavelengths.  A  soil 
reflectance  was  estimated  for  a  moist  clay  soil  at 
35-40%  soil  moisture.  The  percent  diffuse  radiation 
was  estimated  using  the  data  in  the  Dave’  Models  2,  3 
and  4  for  the  four  major  spectral  regions. 

Figures  1-3  illustrate  the  change  in  solar  albedo  as  a 
function  of  Sun  zenith  angle  (0S)  for  each  of  the 
three  Dave’  models.  Albedos  are  given  for  the  coiranon 
spherical  (Fig.  1)  and  erectophile  (Fig.  2)  leaf 
angular  distributions  (LAD)  and  for  contrast  results 
are  given  for  the  planophile  LAD  (Fig.  3),  each  at  a 
leaf  area  index  of  three.  At  low  to  moderate  Sun 
zenith  angles  (to  60°  0S)  the  solar  albedo  increases 
with  increased  diffuse  radiation  (Model-4).  The 
increased  albedo  is  from  a  decrease  in  the  amount  of 
direct  radiation  incident  at  the  canopy  relative  to 
diffuse  radiation.  The  canopy  reflectance  to  the 
direct  b»a">  radiation  :c  lowered  because  of  the 
increased  penetration  to  the  less  reflective,  moist 
soil.  In  the  canopy  modeling,  the  diffuse  radiation 
incident  at  the  canopy  is  isotropically  distributed 
and  has  a  lower  probability  of  interacting  with  the 
soil  and  hence  has  a  higher  reflectance,  similar  to 
the  leaf  reflectance.  Hence,  as  the  probability 
decreases  for  solar  radiation  to  interact  with  soil, 
the  canopy  reflectance  will  be  higher  from  the 
increased  leaf  reflectance  and  transmittance.  All 
three  figures  illustrate  a  reversal  in  solar  albedo 


between  atmospheric  modols  at  high  Sun  zenith  angles 
(i.e.,  higher  than  65°  $ ^) .  At  high  Sun  zenith  angles 
little  direct  solar  radiation  is  reaching  the  soils 
where  there  is  a  lower  reflectance  than  the  leaves. 
However,  the  scattered  diffuse  radiation  is 
isotropically  incident  at  the  canopy  top  (as  input  to 
canopy  mo(K-l),  having  an  increased  I  ikel  ihood  for 
interaction  with  the  soils.  Hence,  at  high  Sun  zenith 
angles,  Model-4  with  increased  aerosol  scattering  has 
a  lower  reflectance.  The  erectophile  derived  canopy 
albedo  (Fig.  2)  has  a  greater  probability  for  light  to 
penetrate  to  the  canopy  bottom  and  therefore  is  shown 
to  be  the  most  sensitive  to  atmospheric  condition.  On 
the  other  side,  the  planophile  leaf  angle  distribution 
permits  the  least  amount  of  light  to  penetrate  the 
understory  and  hence  the  solar  albedo  is  least 
sensitive  to  atmospheric  and  illumination  changes. 

4.2  Shortwave  SMIR  and  Ultraviolet  Reflectance  Effects 

Papers  reporting  on  solar  albedos  previously,  have 
emphasized  the  incorporation  of  using  only  a  visible 
and  near-ir  reflectance  without  the  estimation  of  a 
ultraviolet  or  middle-ir  reflectance  (Ref.  9). 
However,  research  has  indicated  the  unique 
contributions  of  middle-ir  reflectance  in  comparison 
to  visible  and  near-ir  reflectance  (Ref.  4).  Middle- 
ir  is  affected  both  by  liquid  water  absorption  and 
scattering  from  the  leaf’s  internal  structure. 

Table  3  gives  the  solar  albedo  for  different  spectral 
region  combinations.  Solar  albedos  are  compared  as  a 
function  of  Sun  zenith  angle,  LAD,  leaf  area  index 
(LAI),  single  green  leaf,  bare  soil,  and  atmospheric 
aerosol  scattering  (Dave’  Models  2,  3,  and  4). 
Inspection  of  Table  3  indicates  a  substantial 
difference  of  over  208,  when  using  the  50%  visible 
versus  near-infrared  approach  in  comparison  to  using 
all  four  spectral  regions  weighted  by  the  proportions 
given  in  Table  2.  Differences  from  not  including  an 
ultraviolet  reflectance  are  small.  However,  the 
middle-ir  contribution  is  significant  with  a  15.4% 
difference  for  the  base-line  parameterization.  This 
is  5%  more  than  for  the  single  leaf  derived  solar 
albedo  difference  (Table  3)  and  represents  6%  more 
than  the  total  supply  of  middle-ir  solar  radiation 
(Table  2) .  The  larger  difference  may  he  attributed  to 
the  low  transmittance  (i.e.,  and  high  leaf 
absorptance)  relative  to  near-ir  yielding  a  lowering 
of  the  middle-ir  canopy  reflectance  with  increasing 
vegetation.  Table  3  gives  data  indicating  the  large 
differences  in  albedo  without  a  middle-ir  as  a 
function  of  increasing  LAI,  changing  from  7.1%  at  a 
0.5  LAI  to  16.7%  at  a  7  LAI. 


5.  SUMMARY 

A  solar  band  estimation  model  was  discussed  based  on  a 
near  uniform  spectral  reflectance  of  vegetation  for 
four  major  spectral  regions  (ultraviolet,  visible, 
near- infrared,  and  shortwave  middle- infrared) . 
Analysis  of  field  derived  spectra  indicates  a  narrow¬ 
band  visible  end  a  near- infrared  derived  reflectance 
may  be  used  to  represent  approximately  85%  of  the 
total  shortwave  solar  radiation.  However,  simply 
using  the  satellite  derived  reflectance  to  represent  a 
broad  visible  or  near-infrared  spectral  region  may 
introduce  differences  to  30%.  In  these  situations  a 
simple  linear  transformation  of  the  satellite  derived 
narrow  band  reflectance  is  required  to  correspond  to  a 
broad  spectral  region  reflectance  for  solar  albedo 
estimation. 
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Table  3.  Comparison  of  canopy,  leaf  and  soil  solar  albedo 
estimates  with  a  relative  azimuth  of  90°  and  a  view-angle  of 
60°.  Base-line  spherical  LAD,  Dave*  Model-4,  LAI=3,  and  Sun 
Zenith  (0S)  at  45°.  Data  in  parentheses  are  the  percent 
difference  from  fl  [ABS(f(2,3  or  4)-fl)/f 1] . 


Column  Summary 

fl.  All  4  major  spectral  regions  weighted  by  the  relative 
proportion  of  the  surface,  global  radiation. 

|2.  Visible  and  near-ir  weighted  at  50#  each. 

|3.  No  ultraviolet,  represented  by  visible.  Wtgs.  as  in  fl. 
|4.  No  middle-ir,  represented  by  near-ir.  Wtgs.  as  in  fl. 

SOLAR  SURFACE  ALBEDO 


PARAMETERIZATION 

fl 

92 

93 

*1 

Single  leaf 

25.56 

28.5(11.5) 

25.8(0.2) 

27.4(7.4) 

Bare  soil 

15.48 

16.0(3.4) 

15.6(1.2) 

15.7(1.9) 

Base-line  (03=45°, 

LAI=3.  Dave’-4. 

spherical) 

21.76 

25.9(19.1) 

21.8(0.3) 

28.9(14.9) 

Base-line  changes: 

LAD-Planophile 

22.51 

26.9(19.7) 

22.5(0.2) 

25.6(13.8) 

LAD-Erectophile 

23.22 

27.4(18.2) 

23.2(0.3) 

26.6(14.8) 

0S-O° 

19.63 

23.6(20.5) 

19.6(0.0) 

22.6(15.5) 

0s-75° 

25.12 

29.1(16.0) 

25.2(0.3) 

28.9(14.9) 

Dave’-2 

20.10 

24.2(20.7) 

20.1(0.0) 

23.0(14.4) 

Dave’-3 

20.48 

24.6(20.4) 

20.5(0.3) 

23.4(14.6) 

LAI-0.5 

16.28 

17.9(10.0) 

16.4(0.8) 

17.4  (7.1) 

LAI-1 

17.58 

20.1(14.1) 

17.6(0.6) 

19.6(10.8) 

LAI-7 

24.00 

28.9(20.4) 

24.1(0.2) 

28.0(16.7) 

The  supply  of  global  radiation  by  spectral  region  as  a 
function  of  atmospheric  scattering  and  Sun  zenith 
angle  was  shown  to  be  relatively  insensitive  with  the 
diffuse  and  direct  radiation  compensating  for  one 
another.  However,  although  the  global  radiation  was 
relatively  constant,  the  changes  to  the  proportions  of 
direct  and  diffuse  radiation,  changing  with 
illumination  angle  and  aerosol  loading,  were  shown  to 
substantially  change  the  solar  albedo. _  _  The 
erectophile  LAD  was  shown  to  be  the  most  sensitive  to 
atmospheric  condition  with  the  planophile  LAD  the 
least  sensitive. 

The  shortwave  middle-infrared  reflectance  was 
indicated  to  be  a  significant  part  of  the  solar 
albedo,  with  differences  to  16X  when  using  a  near- 
infrared  reflectance  to  represent  a  total  shortwave 


reflectance.  The  ultraviolet  reflectance  was  less 
sensitive  with  errors  introduced  at  approximately 
0.3X.  Conventional  solar  albedo  estimation  using  a 
BOX  visible  to  near-ir  reflectance  weighting  may  lead 
toerrors  up  to  25X  in  comparison  to  using  all  four 
major  spectral  region  reflectances  weighted  by  the 
spectral,  global  radiation  incident  at  the  surface. 
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SPHERICAL— LAI =3 


ERECTOPHILE —LAI  =  3 


PLANOPHILE— LAI=  3 


Figures  1,  2  and  3.  Solar  albedo  versus  Sun  zenith  angle  for  three 
atmospheric-solar  radiation  Models  of  Dave’  (1978).  Albedos  were  derived 
using  canopy  modeling  analyses  over  three  leaf  angle  distributions. 
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ABSTRACT 

Several  effects  of  increasing  atmospheric  CO2 
content  on  climate  are  considered  in  this  study, 
namely,  increasing  atmospheric  temperature,  changing 
snow  water  equivalent  at  the  beginning  of  snowmelt, 
and  changing  precipitation  during  the  snowmelt  runoff 
season.  The  effects  that  these  changes  would  have  on 
runoff  from  mountain  basins  were  evaluated  by  use  of 
the  Snowmelt-Runoff  Model  (SRM).  The  major  effect  on 
runoff  was  caused  by  Increasing  temperature.  An 
increase  in  total  seasonal  runoff  resulted,  but  the 
more  Interesting  effect  was  a  redistribution  of 
runoff  to  the  months  April  and  May.  Depending  on 
whether  snowmelt  season  precipitation  and  winter  snow 
accumulation  increased  or  decreased,  the  effects  on 
the  hydrograph  could  be  significant.  The  model 
results  Indicated  a  potentially  serious  problem  in 
western  North  America  where  climate  change  could 
widen  the  gap  between  water  supply  and  water  demand 
as  well  as  causing  existing  water  storage  and 
distribution  systems  to  be  ineffective. 

Keywords:  Climate  Change,  Greenhouse  Effect, 

Snowmelt  Runoff,  Hydrological  Modelling,  Mountain 
Basins,  Water  Supply 


1.  INTRODUCTION 

As  early  evidence  of  the  greenhouse  effect  starts  to 
accumulate,  there  is  a  definite  need  to  project  what 
the  long  term  consequences  of  such  a  major  change 
would  be  on  the  hydrological  cycle.  An  increase  In 
global  CO2  in  the  atmosphere  has  become  well  accepted 
with  most  projections  indicating  that  major  effects  of 
the  increase  will  be  felt  in  the  middle  part  of  the 
next  century.  It  has  been  widely  speculated  that 
there  will  be  a  major  climate  change  in  response  to 
the  atmospheric  CO2  increase.  There  is  general 
agreement  that  atmospheric  temperature  will  rise 
dramatically  in  response  to  a  doubling  of  atmospheric 
CO2  content.  Citations  from  the  litem  Lute  indicate 
a  rise  generally  between  1.0°C  and  5.0°C  [1]  and  (2], 
although  recently  even  a  6.0°C  increase  has  been 
mentioned  (3). 

Thera  is  also  agreement  that  precipitation  amounts 
will  be  affected,  but  the  amount  and  direction  of 
change  is  more  uncertain  than  the  temperature 
response.  Increases  or  decreases  In  precipitation 
are  projected  depending  upon  locality  and  the  type  of 


method  being  used  to  estimate  the  change.  Both 
general  circulation  models  and  development  of  climate 
scenarios  have  been  used  to  estimate  precipitation 
response  [1)  and  [2].  The  effect  on  precipitation  is 
in  doubt  even  for  a  specific  location,  however,  the 
most  commonly  cited  changes  range  between  a  10% 
decrease  and  a  10%  Increase. 

2.  PROCEDURE 

Any  of  the  climate  changes  in  response  to  a  CO2 
increase  that  have  been  mentioned  should  have  an 
effect  on  hydrological  processes.  In  mountainous 
basins  where  the  accumulation  and  melt  of  seasonal 
snow  cover  is  important  for  runoff  production,  changes 
in  temperature  and  precipitation  regimes  could  be 
particularly  important.  Because  controlled  experi¬ 
ments  to  evaluate  such  changes  are  impossible  and 
accumulation  of  actual  data  on  such  changes  will  take 
many  years,  the  most  effective  way  to  evaluate  the 
hydrological  effects  of  climate  change  is  through  well 
organized  model  experiments.  A  simple  snowmelt-runoff 
model  (SRM)  used  for  simulating  and  forecasting  flow 
from  mountain  basins  during  the  snowmelt  season  [4] 
was  adapted  to  allow  evaluation  of  the  simulated 
effects  of  climate  change.  In  SRM,  there  are  only 
three  major  input  variables,  and  all  three  will 
respond  to  climate  change.  These  variables  are 
temperature,  precipitation,  and  snow-covered  area. 
Because  the  three  major  input  variables  are  physically 
interrelated,  simulating  the  end  effect  of  the  climate 
change  is  complex.  For  the  moment  the  model  parameters 
of  SRM  will  be  assumed  to  be  unaffected  by  the  climate 
change.  These  parameters  are  the  degree-day  coeffi¬ 
cient,  snowmelt  runoff  coefficient,  rainfall  runoff 
coefficient,  temperature  lapse  rate,  critical 
temperature  (dividing  rain  and  snow  events),  time  of 
snowpack  ripening,  lag  time,  recession  coefficient, 
and  the  basin  area.  Future  studies  will  be  directed 
at  determining  how  climate  change  may  affect  the 
magnitude  and  timing  of  some  of  these  parameters. 

The  adapted  SRM  was  tested  on  two  mountain  snowpack 
basins  in  the  western  part  of  North  America.  The  Rio 
Grande  basin  is  located  in  the  Rocky  Mountains  of 
southern  Colorado  and  has  an  area  of  3419  km^.  The 
Illecillewaet  basin  is  located  in  the  Canadian  Rocky 
Mountains  of  British  Columbia  (1155  km^).  In  both 
basins  snowmelt  contributes  the  major  portion  of 
streamflow.  In  the  Rio  Grande  basin  the  average 
annual  precipitation  is  700  mm  and  the  average  annual 
runoff  depth  is  220  mm.  The  Illecillewaet  basin  has 
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an  average  annual  precipitation  of  1890  mm  and  an 
average  annual  runoff  depth  of  1455  mm.  The  Canadian 
basin  is  considerably  more  humid  than  the  U.S.  study 
basin. 

Three  climate  changes  were  attempted  on  each  of  the 
basins  to  simulate  the  possible  effects  of  a  CO2 
increase  in  two  years,  1983  and  1984.  These  changes 
were  first  run  separately  and  then  in  combination. 

For  temperature,  a  progressive  warming  of  1°,  2°,  3°, 
4°,  and  5°C  was  input  to  the  model  and  a  snowmelt  run¬ 
off  hydrograph  was  generated.  Subsequently,  changes 
in  snowmelt  season  precipitation  of  -10%  and  +10%  were 
input  to  SRM.  The  final  climate  change  simulation 
was  a  change  in  winter  snowpack  accumulation.  The 
April  1  snow  water  equivalent  was  changed  by  -10%  and 
+10%  and  the  effect  on  snow-covered  area  evaluated. 
After  separate  computer  runs  were  made  for  each 
changed  variable,  various  combinations  of  changes 
were  input  to  SRM,  and  the  resulting  snowmelt-runoff 
hydrographs  were  evaluated. 


3.  RESULTS  AND  DISCUSSION 

The  major  effect  on  the  snowmelt  runoff  hydrograph  of 
the  two  Rocky  Mountain  basins  seems  to  result  from  an 
increase  in  temperature  during  the  snowmelt  season. 

The  greater  the  temperature  increase,  the  greater  the 
runoff  response.  A  major  redistribution  of  runoff 
results  in  a  concentration  of  Increased  flows  in  April 
and  May  coupled  with  a  decrease  In  flow  in  the  months 
at  the  end  of  the  snowmelt  season.  This  effect  was 
noted  by  Martinec  and  Rango  [5].  Because  of  this 
redistribution  there  i3  also  an  overall  increase  in 
the  total  snowmelt  season  runoff. 

As  one  would  expect,  if  the  climate  change  has  an 
effect  on  winter  snow  accumulation,  a  resulting  effect 
will  be  felt  during  the  snowmelt  season.  For  example, 
on  the  Rio  Grande  basin  a  10%  increase  in  April  1  snow 
water  equivalent  will  result  in  about  a  6%  increase  in 
snowmelt  season  runoff.  A  similar  decrease  in  runoff 
during  the  snowmelt  season  will  result  from  a  10% 
decrease  in  April  1  snow  water  equivalent.  The  runoff 
response  to  the  same  changes  on  the  Illecillewaet 
basin  is  not  as  pronounced  as  on  the  Rio  Grande. 

Unlike  the  results  of  the  temperature  increase, 
however,  the  bulk  of  the  increase  or  decrease  in 
snowmelt  season  runoff  occurs  in  June  or  July  as  a 
result  of  a  change  in  winter  snow  accumulation. 

Finally,  an  increase  or  decrease  in  snowmelt  season 
precipitation  has  the  least  effect  on  the  snowmelt 
hydrograph.  A  10%  change  in  the  April-September 
precipitation  only  has  a  net  effect  of  a  1-3%  percent 
change  in  runoff.  The  effect  on  runoff  can  be 
expected  to  increase  on  basins  where  a  significant 
amount  of  precipitation  falls  during  snowmelt. 

When  more  than  one  of  the  climate  variables  in  SRM 
are  changed  at  the  same  time,  the  results  on  runoff 
are  magnified  or  diminished  depending  on  the  specific 
climate  change  In  a  particular  area.  For  example,  on 
the  Rio  Grande  basin  an  increase  in  temperature, 
winter  snow  accumulation,  and  summer  precipitation  has 
the  most  drastic  effect  on  snowmelt  season  runoff. 

Most  model  calculations  and  scenarios,  however,  call 
for  a  temperature  Increase  and  some  sort  of  precipita¬ 
tion  decrease.  As  an  example  of  what  can  be  expected 
in  this  situation  on  the  Rio  Grande  basin,  an  annual 
temperature  Increase  of  3°C  was  assumed  along  with  a 
snow  water  equivalent  decrease  of  10%  on  April  1  and 
a  10%  decrease  in  snowmelt  season  precipitation.  The 


end  result  revealed  a  redistribution  of  the  runoff  to 
the  months  of  April  and  May  in  response  to  the  temper¬ 
ature  increase  combined  with  an  overall  decrease  in 
seasonal  runoff  volume  of  about  2%.  Figure  1  compares 
the  1983  simulated  hydrograph  using  actual  data  and 
the  simulated  hydrograph  resulting  from  the  climate 
change  outlined  above. 


Fig.  1.  Simulated  change  in  runoff  on  the  Rio  Grande 
basin  for  1983  as  a  result  of  a  S^C  increase  in 
temperature,  a  10%  decrease  in  April  snow  water 
equivalent,  and  a  10%  decrease  in  snowmelt  season 
precipitation  (T+3,  SWE-10,  P-10). 


The  type  of  change  shown  in  Figure  1  could  have 
drastic  side  effects  for  water  supply  considerations 
in  western  North  America.  Water  storage  and  distri¬ 
bution  systems  may  be  stressed  considerably  and  not 
be  able  to  handle  the  increased  early  season  flows. 
Further,  the  decrease  in  seasonal  volume  will  be  very 
significant  in  most  regions  of  western  North  America 
where  total  water  supply  is  not  even  adequate  today. 
The  increasing  demands  for  water  are  not  synchronized 
with  these  decreasing  water  supplies  that  could  result 
from  climate  change.  A  further  Intensification  of  the 
problem  may  be  revealed  as  further  experiments  with 
the  model  are  conducted.  Model  parameters,  up  to  now, 
have  remained  unchanged  as  the  model  variables  of 
temperature,  precipitation,  and  snow  cover  have  been 
perturbed.  It  is  very  likely  that  as  temperature 
increases,  and  snow  cover  leaves  the  basin  earlier, 
evapotranspiratlon  losses  will  increase,  and  the  time 
sequence  of  parameter  values  will  be  shifted.  This 
shift  will  most  likely  cause  an  additional  decrease 
of  the  runoff  volume.  Further  experiments  will  take 
this  effect  into  account. 

Depending  on  the  specific  geographical  location,  an 
amazing  range  of  effects  on  runoff  can  apparently  take 
place.  The  major  effect  results  from  the  temperature 
increase,  but  the  effect  of  changed  precipitation  can 
magnify  or  diminish  the  runoff  response  to  temperature 
to  the  point  where  there  will  be  serious  consequences 
for  water  storage  and  distribution  systems.  The 
results  of  this  study  show  that  there  may  be  a  need 
to  construct  new  facilities  or  modify  existing  ones 
so  that  the  growing  gap  between  water  demand  and  water 
supply  does  not  become  a  disaster. 


4.  CONCLUSIONS 

Although  the  effects  on  climate  of  Increasing 
atmospheric  CO2  and  the  greenhouse  effect  are  not 
firmly  established,  early  indications  are  conclusive 
enough  to  attempt  to  evaluate  the  hydrological  conse¬ 
quences  of  the  climate  change.  Simulations  produced 
by  the  Snowmelt-Runoff  Model  (SRM)  on  two  snowmelt 
mountain  basins  in  western  North  America  indicate 


that  significant  changes  in  the  normal  hydrograph  nay 
occur.  Increasing  temperature  will  change  the  timing 
of  flow  causing  major  increases  in  April  and  May 
runoff.  Precipitation  response  to  the  changing 
climate  when  added  to  the  temperature  response  can't 
change  the  effect  of  redistribution  of  flow,  but  it 
can  magnify  or  diminish  the  effect  of  temperature. 
Depending  on  the  geographical  location  of  a  basin, 
snowmelt  season  precipitation  and  winter  season  snow 
accumulation  can  increase,  decrease,  or  remain  un¬ 
changed.  The  most  likely  result  is  a  decrease  in  both 
precipitation  and  April  1  snow  water  equivalent.  The 
resulting  hydrograph  shows  the  possibility  that  there 
may  be  a  significant  widening  between  water  demand  and 
water  supply.  This  results  from  both  a  decrease  in 
flow  as  well  as  an  occurrence  of  the  maximum  flow  at 
a  time  when  the  water  supply  is  not  needed  and  when 
water  storage  systems  typically  have  less  storage 
capacity.  If  these  effects  are  widespread,  there  may 
be  a  need  for  major  expenditures  to  develop  new  water 
supply  systems  to  upgrade  existing  facilities. 
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ABSTRACT 


Long  term  overgrazing  in  Mexico  has  caused  a  sharp  discontinuity  in  surface  properties  along  the 
international  border  in  the  semi-arid  Sonoran  Desert.  The  United  States  side,  protected  from  overgrazing  by 
the  Taylor  Act  since  1934,  exhibits  longer,  more  plentiful  grasses,  less  bare  soil,  and  lower  albedo  than 
adjoining  Mexican  lands.  The  difference  in  surface  properties  affects  evapotranspiration  rates  and  evokes  a 
temperature  gradient  between  the  two  countries.  The  more  exposed  Mexican  landscape  tends  to  dry  more 
rapidly  than  the  United  States  following  summer  convective  precipitation.  Depiction  of  soil  moisture  causes 
higher  surface  and  air  temperatures  in  Mexico.  This  study  used  several  satellite  datasets,  along  with  supporting 
ground  and  aircraft  data,  to  detect  and  monitor  differences  between  the  two  semi-arid  grassland  regimes. 

KEYWORDS:  remote  sensing,  hydrologic  cycling,  rangeland  management,  desertification 


INTRODUCTION 

Approximately  35  percent  of  the  earth's 
land  surface  is  characterized  as  arid  to  semi-arid, 
based  either  on  vegetation  or  climate.  In  .hese 
regions,  surface  moisture  and  thermal  energy 
are  in  a  delicate  balance,  and  the  low  amount  of 
vegetative  cover  available  for  thermal  inertia 
contributes  to  wide  diurnal  temperature 
fluctuations  and  dramatic  changes  in  evaporative 
cooling  after  precipitation  events.  Temperature 
changes  over  short  time  periods  probably  have  a 
large-scale  forcing  effect  on  regional  energy 
budgets.  As  such,  measurement  and  monitoring 
of  surface  temperatures  and  hydrologic  cycling 
in  arid  and  semi-arid  zones  is  useful  for 
scientific  investigation  of  desertification 
processes.  In  the  past,  the  large  areal  scale  and 
sporadic  weather  episodes  associated  with  these 
regions  has  made  assessment  of  causal 
relationships  difficult.  The  growing  archive  of 
satellite  data,  with  its  timely  and  synoptic 
coverage,  promises  to  alleviate  this  difficulty. 

Experiments  designed  to  measure  arid  land 
surface  variables  and  their  possible  effect  on 
climate  are  complicated  by  the  inability  to 
establish  "matched  pairs"  of  study  sites  (Reining, 
1978).  Ideally,  the  site  pairs  would  be  located 
on  either  side  of  a  boundary  marking  profound 


differences  in  land  surface  conditions,  usually 
resulting  from  differing  land  management 
practices,  in  otherwise  comparable 
environments.  The  border  between  the  United 
States  and  Mexico  in  the  Sonoran  Desert  presents 
such  a  boundary.  The  border  has  been  marked 
by  a  fence  since  1920,  and  the  U.S.  side  has  been 
protected  from  overgrazing  since  the  Taylor 
Grazing  Act  of  1934.  Over  time,  marked 
differences  in  land  surface  parameters  have 
evolved  in  response  to  differing  land 
management  practices  (Bahre  &  Bradbury, 
1978).  Bryant  el  al.  (1985)  estimate  that  Mexico 
currently  has  approximately  5%  higher  albedo 
and  29%  more  bare  soil  than  adjoining  United 
States  lands. 

A  border  swath  extending  from  Nogales  to 
Lochiel  (approximately  40  km  to  the  east)  was 
chosen  for  investigation.  In  addition,  three 
paired  sites  along  the  swath  were  selected  for 
intensive  in-situ  analysis  (figure  1).  Each  site- 
pair  was  ecologically  distinct  and  accessible. 
Finally,  a  network  of  weather  stations 
throughout  the  region  was  identified  for  analysis 
of  long-term  temperature  and  precipitation 
trends. 
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SUPPORTING  INVESTIGATION 


Balling  (1988)  analyzed  archival  records 
from  the  weather  station  network,  and  found 
summertime  daily  maximum  air  temperatures 
significantly  warmer  in  Mexico  by  about  2.5 
degrees  (C)  after  accounting  for  elevation  and 
latitude.  Controlling  only  for  elevation,  the 
difference  increased  to  4  degrees.  Evidence  of 
warming  in  arid  regions  experiencing  decreased 
vegetative  cover  agrees  with  classical 
agricultural  meteorology  and  rangeland 
management  literature  (Dregne,  1983,  Penman, 
1956).  No  significant  difference  in  precipitation 
amount  was  found  between  the  two  countries. 

Balling  (1989)  assessed  the  affect  of 
available  soil  moisture  on  a  temperature 
gradient  across  the  border.  During  the  drying 
period  following  heavy  precipitation  across  the 
network,  air  temperatures  in  Mexico  were  cooler 
than  in  the  U.S.  for  the  first  few  days,  and 
thereafter  warmer  than  the  U.S. 

Intensive  field  study  was  conducted  during 
summer  1988  at  the  Lochiel  site  pair.  Ground 
surface  temperatures  were  found  to  be  initially 
lower  in  Mexico  than  in  the  U.S.  following 
rainfall.  In  subsequent  days  however, 

temperatures  were  higher  in  Mexico  than  the 
U.S.  readings.  Additional  measurements  show  a 
more  rapid  depletion  of  soil  moisture  in  Mexico 
(figure  2). 

Field  measurements  reveal  equal  or  higher 
ET  rates  in  Mexico  initially  after  rainfall.  This, 
combined  with  higher  albedo  and  greater 
measured  subsurface  heat  flux  evoke  lower 
surface  temperatures  in  Mexico  immediately 
attcj  rainfall.  The  ET  rate  in  the  United  States  is 
substantially  higher  than  in  Mexico  beginning 
about  3  days  into  the  drying  cycle.  This 


Precipitation 


Soil  Moisture  Potential 


Figure  2.  In-situ  measurements  at  Lochiel, 
August  1988. 

difference  in  ET,  sustained  over  a  period  of 
several  days,  is  associated  with  cooler  air  and 
surface  temperatures  in  the  U.S. 

Two  low-altitude  aircraft  flights  were 
conducted  along  the  bordev  swath  during 
summer  1988.  Airborne  thermal-infrared 
measurements  on  the  first  flight,  which  occurred 
one  day  after  rainfall,  showed  Mexico  on  average 
cooler  than  the  U.S.  by  one  degree  (C). 
Measurement  on  the  next  flight,  which  occurred 
five  days  after  rainfall,  showed  Mexico  warmer 
than  the  U.S.  by  about  1.25  degrees. 

It  is  argued  that  changes  in  land  surface 
parameters,  by  altering  local  and  regional 
surface  radiation  budgets,  are  of  sufficient 
magnitude  to  have  a  significant  feedback  on  the 
prevailing  climate.  Many  investigators  have 

shown  that  spatial  discontinuities  in  surface 
conditions  may  affect  the  rate  of  local  convection 
in  summer  months.  Miller  et  al.  (submitted) 

assessed  the  impact  of  the  Sonoran  border 
discontinuity  on  summertime  convective  cloud 
development.  Analog  early-  and  late-afternoon 
Geostationary  Operational  Environmental 
Satellite  (GOES)  images  were  digitized  and 
convective  cloud  formations  were  identified. 
Each  image  pair  was  compared  quantitatively  to 
calculate  the  rate  of  convective  cloud  formation. 
A  higher  growth  rate  (from  50%  to  177%)  was 
found  over  Mexico.  It  appears  that  higher 
surface  and  air  temperatures  of  the  overgrazed 
Mexican  landscape  may  increase  atmospheric 
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instability  and  thereby  support  a  higher  growth 
rate  of  afternoon  cumulus  than  on  the  U.S.  side 
of  the  border.  These  findings  are  consistent  with 
other  investigations  (Mahfouf  &  Mascart,  1987, 
Anthes,  1984)  which  have  shown  that  spatial 
discontinuities  in  surface  conditions  may  affect 
the  local  convection  rate  in  summer  months. 

SATELLITE  DATA  PROCESSING 

The  temperature  and  albedo  gradient  along 
the  border  are  evident  in  the  thermal  and 
visible/near-infrared  channels,  respectively,  of 
datasets  from  a  variety  of  satellite-based 
instruments.  Among  these  are  the  Heat  Capacity 
Mapping  Radiometer  (NASA,  1978),  the 
LANDSAT  Thematic  Mapper  (NASA,  1978),  and 
the  Advanced  Very  High  Resolution  Radiometer 
(AVHRR)  (Kidwell,  1981).  Thus  a  large  and 
diverse  data  archive  exists  with  which  to 
examine  this  and  similar  phenomena. 

Thermal  channel  AVHRR  data  were  used  to 
observe  the  progression  of  the  post-rainfall 
temperature  gradient  along  the  border  swath 
and  at  the  Lochiel  site.  The  AVHRR  is  a  polar 
orbiting  satellite  which  provides  daily  thermal 
data  in  two  channels  (10-11  microns,  and  11-12 
microns)  at  a  1.1  kilometer  spatial  resolution. 
Sequential  AVHRR  datasets  were  acquired  for 
the  drying  period  following  several  of  the 
rainfall  events  identified  by  Balling  (1989).  The 
data  were  calibrated  (Lauriston  et  al.,  1979), 
subjected  to  the  split-window  atmospheric 
correction  (Strong  &  McClain,  1984),  corrected 
for  emissivity  (Price,  1984),  and  geo-registered. 
Estimated  surface  temperatures  in  Mexico  were 
found  to  be  consistently  and  significantly 
warmer  than  the  U.S.  beginning  4  days  after 
rainfall  and  continuing  for  at  least  ten  days. 
Prevailing  cloudy  conditions  and  other  data 
acquisition  problems  prevented  analysis  of 
satellite  data  during  the  first  few  days  of  the 
drying  cycle  after  any  major  event. 

Data  from  the  Scanning  Multichannel 
Microwave  Radiometer  (SMMR)  (Njoku  et  al., 
1980)  were  processed  to  estimate  soil  moisture 
in  broad  swaths  (ie:  0.5  degrees  x  2  degrees)  on 
either  side  of  the  border.  The  SMMR  is  a  five 
frequency,  dual  polarized  radiometer  with 
spatial  resolution  ranging  from  30  km  at  37  GHz 
to  150  km  at  6.6  GHz.  The  SMMR  TCT  product, 
binned  in  .5  degree  latitude  by  .5  degree 
longitude  cells,  was  used  to  construct 
polarization  ratios  (PR)  at  6.6GHz.  The  6.6  GHz 
PR  [(V-H)/V+H))  has  been  shown  to  be  sensitive 
to  soil  moisture,  particularly  in  areas  of  sparse 
vegetation  (Kerr  &  Njoku,  1988).  The  PR  in  the 
border  region  varied  with  weekly  precipitation 
for  several  rainfall  events  in  1982  (eg:  figure  3). 


Figure  3.  Comparison  of  SMMR  polarization  ratios  with 
weekly  rainfall  totals;  November  -  December  1982;  USA. 

It  is  believed  that  differences  in  PR's  from 
several  SMMR  channels  may  be  convolved  to 
yield  large-area  model  estimates  of  soil  moisture 
content,  surface  roughness,  and  integrated 
atmospheric  water  content  (Kerr,  1988).  Such  a 
model  applied  to  TCT  data  for  drying  episodes  in 
July  and  December  1982  showed  a  more  rapid 
soil  moisture  depletion  in  Mexico. 

Data  from  the  LANDSAT  Multi-spectral 
Scanner  (MSS)  were  used  to  formulate  the 
Normalized  Difference  Vegetation  Index  (NDVI) 
(Tucker,  1979) .  LANDSAT  NDVI,  [(CH4-CH2)/ 
CH4  +  CH2)],  is  a  ratio  formed  with  the  red  and 
near-infrared  MSS  channels.  The  NDVI  is  a 
greenness  indicator  which  has  been  described  by 
many  investigators  as  an  indicator  of  vegetative 
quantity  and  vigor,  particularly  in  agricultural  or 
other  heavily  vegetated  regions.  NDVI  for  the 
Nogales  site  pair  was  calculated  for  four  years 
(' 79 ,  '82,  '86,  ’87)  at  the  annual  vegetative 
maximum  (autumn)  and  compared  with  the  45- 
day  antecedent  precipitation  recorded  at  the 
nearby  Nogales  weather  station.  NDVI  on  each 
side  was  highly  correlated  (.98)  with  the  amount 
of  antecedent  precipitation.  Also,  the  NDVI  was 
consistently  and  significantly  higher  on  the  U.S. 
side  than  in  Mexico  (figure  4). 


Figure  4.  Comparison  of  MSS  NDVI  at  vegetative  maximum 
with  rainfall  at  Nogalea  station. 
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Clearly,  more  observations  are  needed  to  better 
define  the  relationship  between  NDVI  and 
cumulative  precipitation  for  semi-arid  regions. 
However,  despite  a  relatively  high  proportion  of 
exposed  soil,  the  index  appears  to  respond  to 
vegetation  cover  in  an  encouraging  fashion. 

CONCLUSIONS  &  FUTURE  STUDY 

Preliminary  conclusions  from  this  study 
reveal  that  higher  surface  and  air  temperatures 
in  Mexico  may  result  from  reduced  vegetation 
cover  and  that  latent  and  sensible  heat  flux  after 
precipitation  events  is  associated  with  near¬ 
surface  soil  moisture  available  for  evaporative 
cooling.  Satellite  data  appear  to  be  a  viable 
means  of  monitoring  land  surface  variables  at 
short  and  long  wavelengths.  Empirical  results  of 
this  study  may  be  incorporated  into  a  general 
land  surface  climatology  model  of  biosphere- 
atmosphere  interactions  similar  to  that  of 
Verstraete  (1988).  Input  of  remotely  sensed 
data  may  provide  these  models  with  information 
of  finer  spatial  and  temporal  resolution  than  is 
currently  available  from  existing  meteorological 
sources. 
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ABSTRACT 

Cloud  cover  and  surface  temperatures  in  the  polar 
regions  are  important  indicators  of  global  climate  change, 
however,  automated  analyses  of  satellite  radiance  data  have 
concentrated  on  low  and  middle  latitude  situations.  The 
International  Satellite  Cloud  Climatology  Project  (ISCCP)  cloud 
detection  algoridim  is  applied  to  Arctic  data,  and  modifications 
are  suggested.  Both  Advanced  Very  High  Resolution 
Radiometer  (AVHRR)  and  Scanning  Multichannel  Microwave 
Radiometer  (SMMR)  data  are  examined.  Synthetic  AVHRR 
and  SMMR  data  are  also  generated.  Modifications  suggested 
include  the  use  of  snow  and  ice  data  sets  for  the  estimation  of 
surface  parameters,  additional  AVHRR  channels,  and  surface 
class  characteristic  values  when  clear  sky  values  cannot  be 
obtained.  Greatest  improvement  in  computed  cloud  fraction  is 
realized  over  snow  and  ice  surfaces;  over  other  surfaces  all 
versions  perform  similarly.  Since  the  inclusion  of  SMMR  for 
surface  analysis  increases  the  computational  burden,  its  use 
may  be  justified  only  over  snow  and  ice-covered  regions. 

Keywords:  ISCCP,  AVHRR,  Arctic  clouds. 

INTRODUCTION 

Tlie  important  role  that  polar  processes  play  in  the 
dynamics  of  global  climate  is  widely  recognized  (Polar 
Research  Group,  1984).  The  variation  of  cloud  amounts  over 
polar  ice  sheets,  sea  ice,  and  ocean  surfaces  can  have 
important  effects  on  planetary  albedo  gradients  and  on  surface 
energy  exchanges  (Barry  et  a!.,  1984).  Cloud  cover  exerts  a 
major  influence  over  the  amount  of  solar  and  longwave 
radiation  reaching  the  surface,  and  is  linked  to  the  sea  ice 
through  a  series  of  radiative,  dynamical,  thermodynamic  and 
hydrological  feedback  processes  (Saltzman  and  Moritz,  1980). 
Extent  and  thickness  of  sea  ice  influences  oceanic  heat  loss 
and  surface  albedo  which  thereby  influences  global  climate  via 
the  ice-albedo  feedback  (Budyko,  1969). 

Current  procedures  for  automated  analyses  of  satellite 
radiance  data  have  been  developed  fur  iuw  and  middle  latitudes 
but  their  application  to  polar  regions  has  been  largely 
unexplored.  These  methods  are  reviewed  in  Key  (1988), 
Rossow  (1989),  and  Key  et  al.  (1989).  Those  that  have  been 
applied  to  polar  data  often  fail  in  the  polar  regions  because 
snow-covered  surfaces  are  often  as  reflective  as  the  clouds  and 
the  thermal  structure  of  the  troposphere  is  characterized  by 
frequent  isothermal  and  inversion  layers.  Additionally,  the 
polar  darkness  during  winter  makes  that  data  collected  in  the 


visible  portion  of  the  spectrum  largely  unusable.  A  complex 
analysis  method  that  can  recognize  and  cope  with  these 
situations  is  therefore  necessary  (WMO,  1987). 

The  purpose  of  this  study  is  to  implement,  test,  and 
modify  the  basic  International  Satellite  Cloud  Climatology 
Project  (ISCCP)  algorithm  for  use  with  polar  data.  The 
International  Satellite  Cloud  Climatology  Project  (ISCCP)  to 
map  clouds  with  satellite  data  began  in  July  1983.  Its  goal  is 
to  provide  a  uniform  global  climatology  of  satellite-measured 
radiances  and  from  these  to  derive  an  experimental  climatology 
of  cloud  radiative  properties.  As  a  basis  for  developing  the 
ISCCP  algorithm,  Rossow  et  al.  (1985)  compared  six  cloud 
algorithms.  The  current  state  of  the  project  is  such  that  there 
is  no  single  version  of  the  algorithm  which  can  be  applied  to 
all  areas  of  the  globe.  The  algorithm  is  currently  operational 
globally,  but  performs  rather  poorly  at  high  latitudes  (Rossow, 
1987),  where  it  was  found  that  the  method  in  general  detected 
too  much  cloudiness,  in  part  because  it  does  not  distinguish 
between  open  water/sea  ice  and  snow -covered/snow-free  land, 
and  because  thresholds  were  not  "tuned"  for  the  small 
temperature  differences  and  generally  low  IR  radiances 
common  in  the  polar  regions. 

DATA 

The  Advanced  Very  High  Resolution  Radiometer 
(AVHRR)  on  board  the  NOAA-7  polar  orbiting  satellite 
measures  radiance  in  five  channels  encompassing  the  visible, 
infrared,  and  thermal  portions  of  the  electromagnetic  spectrum 
(I:  0,58-0.68pm,  2:  0.73-1. 0pm,  3:  3.55-3.93pm,  4:  10.3- 
11.3pm,  5:  11. 5-1 2.5pm)  with  a  nadir  resolution  of  1.1  km. 
Global  Area  Coverage  (GAC)  imagery  is  a  reduced-resolution 
product  created  tlirough  on-board  satellite  processing,  with  each 
pixel  representing  a  3  x  5  km  field  of  view.  Channels  1  and 
2  were  converted  to  approximate  spectral  albedo  and  corrected 
for  solar  zenith  angle;  channels  3,  4,  and  5  were  converted  to 
brightness  temperature  (NOAA,  1984).  The  typically  low 
water  vapor  content  in  the  polar  atmosphere  and  the  low 
physical  temperatures  reduce  most  atmospheric  effects  to  a 
point  wiieie  they  may  be  neglected  foi  these  analyses. 

The  Nimbus-7  Scanning  Multichannel  Microwave 
Radiometer  (SMMR)  senses  emitted  microwave  radiation  in 
five  channels:  6.6,  10.7,  18.0,  21.0,  and  37.0  GHz,  with  two 
polarizations  (horizontal  and  vertical)  per  channel.  At  these 
frequencies,  passive  microwave  data  is  relatively  unaffected  by 
clouds  and  provides  useful  data  year-round  independent  of 
solar  illumination.  The  18  and  37  GHz  vertical  polarization 
channels  are  employed  here  for  surface  parameterization,  with 
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fields  of  view  of  55x41  km  and  27x18  km,  respectively. 

In  order  to  study  both  clouds  and  surfaces  beneath 
clouds,  it  is  worthwhile  to  combine  the  AVHRR  and  SMMR 
data  into  a  single  image  set.  These  are  merged  in  digital  form 
and  mapped  to  a  polar  stereographic  projection.  This 
projection  yields  equal-area  pixels  true  at  70”  latitude  with  a 
five  kilometer  pixel  size.  SMMR  data  were  converted  to  the 
five  kilometer  cells  by  duplication  of  pixels.  Further  details 
are  given  in  Maslanik  et  al.  (1988). 

Three  areas  of  the  Arctic  are  examined  (Figure  1);  a 
seven-day  summer  series  (July  1-7,  1984)  of  areas  1  and  2, 
and  a  winter  series  (January  6-12,  1984)  of  area  3.  These  data 
are  part  of  an  ISCCP  test  data  set  and  include  representative 
samples  of  all  surface  types  found  in  the  Arctic,  snow-covered 
and  snow-free  land,  sea  ice  of  varying  concentrations,  open 
water,  and  permanent  ice  cap. 


covering  much  of  the  Canadian  Archipelago  and  northern 
Greenland. 

Ancillary  data  include  surface  temperatures  from  the 
European  Centre  for  Medium  Range  Forecasting  (ECMWF)  and 
sea  ice  albedo  derived  from  a  combination  of  DMSP  imagery 
and  the  NOAA/Navy  ice  charts. 

Spectral  features  examined  are  AVHRR  channels  1,  2, 
and  3  albedos,  channels  3,  4,  and  5  brightness  temperatures, 
and  the  differences  between  channels  3  and  4  and  4  and  5. 
Four  surface  and  three  cloud  classes  are  analyzed.  Surface 
types  are  snow-free  land,  snow-covered  land,  open  water,  and 
medium  to  high  concentration  sea  ice.  Cloud  classes  are  low, 
middle,  and  high  as  defined  by  brightness  temperature  in 
AVHRR  channel  4,  assumed  to  represent  temperatures  at  the 
top  of  optically  thick  cloud  layers. 

In  order  to  test  the  sensitivity  of  the  various  cloud 
algorithms,  a  control  data  set  with  known  characteristics  was 
needed.  A  synthetic  data  set  was  developed  which  consists  of 
seven  days  of  AVHRR  and  SMMR  data,  SMMR-derived  sea 
ice  concentrations,  and  a  land  mask.  The  surface  and  cloud 
type  maps  for  each  day  of  the  seven  day  period  are  first 
generated,  where  the  minimum  and  maximum  allowable  sizes 
of  surface  and  cloud  "objects"  are  specified.  Object 


dimensions  are  randomly  chosen  within  the  restricted  range, 
and  the  class  of  the  object  is  randomly  assigned.  Regions  are 
then  filled  with  nonnally-distributed  data  for  each  AVHRR  and 
SMMR  channel  and  for  sea  ice  concentration  using 
empirically-derived  statistics. 

THE  ISCCP  ALGORITHM 

The  ISCCP  cloud  algorithm  has  three  major 
components:  cloud  detection,  radiative  analysis,  and  statistical 
analysis  (Rossow  et  al.,  1985).  Of  concern  here  is  the  cloud 
detection  step.  The  algorithm  assumptions  are  that  cloud  scene 
radiances  are  more  variable  in  time  and  space  than  clear  scene 
radiances  and  cloudy  scenes  are  associated  with  larger  visible 
channel  and  smaller  infrared  radiances  than  clear  scenes.  The 
major  steps  of  the  basic  algorithm  are  summarized  in  Figure  2a 
and  include  a  spatial  variation  test  for  the  warmest  pixel  in  a 
subregion  (assumed  clear),  a  temporal  variation  test,  five-day 
clear  sky  compositing  (requiring  seven  days  of  data),  and  a 
final  bispectral  threshold  test  of  each  pixel  on  each  day  based 
on  clear  sky  composite  values.  Although  this  algorithm  is 
undergoing  constant  change,  the  basic  steps  described  here 
remain  valid. 

The  algoritlun  has  been  adjusted  here  in  order  to  deal 
with  the  problems  cited  earlier.  Major  modifications  suggested 
include  the  use  of  snow  and  ice  data  sets  for  the  estimation  of 
surface  parameters,  elimination  of  the  spatial  test  for  the 
warmest  pixel,  the  use  of  AVHRR  channels  1  (0.7pm),  3 
(3.7pm), and  4  (llptn)  in  the  temporal  tests,  statistical  tests  for 
compositing,  and  the  final  multispectral  thresholding,  and  the 
use  of  surface  .glass  characteristic  values  when  clear  sky  values 
cannot  be  obtained.  Additionally,  the  difference  between 
channels  3  and  4, is  included  in  temporal  tests  for  the  detection 
of  optically  thin  low  cloud  and  cimis.  The  major  steps  of  the 
modified  algoritlun  are,  shown  in*  Figure  2b. 

TESTING  AND  ALGORITHM  COMPARISON 

Three  versions  of  the  ISCCP  algorithm  are  compared. 
The  original  algoritlun  developed  for  low  latitude  summer 
conditions  recognizes  only  two  surface  types:  land  and  water. 
No  SMMR  or  sea  ice  concentration  data  are  employed. 
Spatial/temporal  tests  in  the  initial  classification  step  are 
thermal  only  (AVHRR  channel  4),  and  a  bispectral  tlireshold 
test  (channels  1  and  4)  is  used  as  the  final  classification.  This 
version  with  a  thennal-only  threshold  test  was  also  used  to 
simulate  winter  applications.  The  algoritlun  with  modifications 
described  in  the  previous  section  is  the  third  version  tested. 
Four  regions  from  the  AVHRR  imagery  and  four  regions  from 
the  synthetic  data  sets  are  used  as  test  data.  Each  region  is 
50x50  pixels  or  (250km)!  and  differs  in  surface  and  cloud 
types  and  proportions.  Surface  proportions  changed  in  both 
data  sets  over  the  analysis  period  by  up  to  20%.  These 
changes  are  due  to  sea  ice  movement  and  melting. 

All  versions  of  the  algorithm  perform  best  over  land 
and  open  water.  Snow  and  ice  remain  the  problem  areas 
although  the  modified  versions  perfonned  best  under  these 
conditions.  When  cloud  amounts  are  high  (more  than  80%), 
all  versions  compute  cloud  fraction  to  within  approximately 
5%.  When  cloud  amounts  are  low,  the  modified  version  is 
more  accurate,  although  cloud  fraction  often  appeared  to  be  too 
high.  In  the  actual  data,  this  is  at  least  in  part  due  to  errors  in 
the  manual  interpretation.  In  the  synthetic  data,  this  is 
probably  due  to  the  fact  that  clear  sky  areas  are  filled  with 
values  in  the  range  of  the  mean  plus  or  minus  three  standard 
deviations  (following  a  Gaussian  probability  function),  so  that 
extreme  values  may  be  beyond  tlireshold  cutoffs  and  will 
consequently  be  labeled  as  cloud. 
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Figure.  2.  Flow  chart  of  (a)  the  basic  ISCCP  cloud  detection  algorithm  and  (b)  the  algorithm  modified  for  use 
with  Arctic  data.  Input  are  shown  on  the  left;  additional  details  are  given  on  the  right. 


The  basic  versions  of  the  algorithm  often  overestimate 
cloud  amount  by  up  to  20%.  This  is  common  over  ice  where, 
in  the  bispectral  threshold  test,  the  threshold  for  water  is  used. 
This  albedo  threshold  is  too  small  to  account  for  variation  in 
sea  ice  albedos,  and  consequently  many  clear  pixels  were 
mistaken  as  cloud.  Similar  observations  were  made  by  Rossow 
(1987).  A  related  situation  is  that  the  basic  version  often 
makes  an  accurate  assessment  of  cloud  fraction,  but  for  the 
wrong  reason.  For  example,  one  sea  ice  region  was  covered 
by  a  very  thin  cloud  layer.  Channels  l  and  4  alone  did  not 
detect  this  condition,  yet  the  cloud  amount  determined  by  the 
original  algorithm  version  is  similar  to  the  manually-interpreted 
amount.  It  appears  that  the  algorithm  is  labeling  cloud  what  it 
sees  in  channel  1  as  sea  ice.  The  snow  and  ice  data  sets  used 
in  the  modified  versions  solve  these  problems  by  providing 
appropriate  thresholds. 

Root  mean  square  (RMS)  errors  illustrate  that  the 
modified  version  was  most  accurate  in  computing  cloud 
fraction  for  both  data  sets.  The  thermal-only  version 
performed  reasonably  well  with  the  synthetic  data  set,  at  least 
in  part  for  reasons  explained  above. 

APPLICATION 

The  modified  version  of  the  algorithm  is  next  applied  to 
the  Arctic  study  areas.  Surface  albedos  detcnnined  over  the 
five-day  compositing  period  for  the  two  summer  study  areas, 
which  overlap  the  winter  area,  are  shown  in  Figure  3.  Values 
are  averages  over  each  quarter  region.  Sea  ice  albedo  derived 
from  DMSP  imagery  and  NOAA/NAVY  ice  charts  is  in 
genera!  agreement  for  sea  ice.  Composited  surface 

temperatures  are  shown  in  Figure  4  for  AVHRR  channel  4. 
Since  surface  emissivities  in  channel  4  (1 1  m)  are  near  unity, 
the  temperatures  presented  are  considered  to  be  close  estimates 
of  physical  temperatures.  These  are  in  close  agreement  with 
the  ECMWF  data. 

Cloud  fraction  for  the  middle  five  days  of  the  period 
was  also  computed  with  the  modified  ISCCP  algorithm  (not 
shown),  and  is  similar  to  the  mean  cloud  amount  for  each 
month.  Cloud  amount  tends  to  be  lowest  over  northern 


Greenland  and  the  Canadian  Archipelago,  and  highest  over  the 
Greenland  Sea. 


SURFACE  ALBEDO  (AVHRR  CHANNEL  1) 


Figure.  3.  Surface  albedos  (AVHRR  channel  1)  in  study  areas 
1  and  2  for  the  compositing  period  July  2-6,  1984,  in  tenths. 
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SURFACE  TEMPERATURE  (AVHRR  CHANNEL  4) 


Figure.  4.  Surface  temperatures  (AVHRR  channel  4)  for  the 
compositing  periods,  July  2-6,  1984  (top  and  middle)  and 
January  7-11,  1984  (bottom),  Kelvins,  for  ail  tliree  study  areas. 

CONCLUSIONS 

The  cloud  detection  step  of  the  International  Satellite 
Cloud  Climatology  Project  algorithm  has  been  adapted  for  use 
with  Arctic  AVHRR  and  SMMR  data.  Based  on  test  data  for 
summer  conditions  in  the  Arctic,  the  modified  algorithm  is 
expected  to  yield  an  average  improvement  of  5-10%  in 
computed  cloud  amount  over  the  original  version,  depending  on 
sutt'acc  type  and  cloud  piopuitions.  All  versions  of  the 
algorithm  perform  best  over  snow-free  land  and  open  water,  so 
that  improvement  will  be  greater  than  this  figure  over  snow, 
ice  cap,  and  sea  ice,  but  less  over  open  water  and  snow-free 
land.  Synthetic  data  sets  have  proven  useful  in  testing  and 
validation. 

The  best  method  of  cloud  detection  with  Arctic 
AVHRR  data  includes  first  an  accurate  identification  of  surface 
types  and  changes.  This  allows  thresholds  to  be  set 
appropriately.  Passive  microwave  data  is  useful  in  this  step. 


Next  the  temporal  variability  of  pixel  radiances  must  be 
tamined,  using  AVHRR  channels  1,  4,  and  the  reflected 
imponent  of  channel  3  during  summer  and  the  difference 
•een  channels  3  and  4  in  conjunction  with  channels  4  or  5 
winter  analyses.  Temporal  changes  are  most  important  in 
winter  when  surfaces  may  be  colder  than  cloud  layers  and 
spectral  information  alone  is  inadequate.  Compositing  over  a 
5-day  period,  using  30-day  values  where  necessary,  provides 
the  clear  sky  information  for  the  multispectral  thresholding  of 
the  daily  data.  This  method  provides  a  basis  for  future  cloud 
detection  algorithms  for  the  polar  regions. 
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Abstract 

Deforestation  globally  is  proceeding  at  rates  far 
in  excess  of  previous  experience.  The  amount  of  carbon 
being  released  from  soils  and  forest  as  a  result  is 
uncertain.  It  is  generally  thought  to  be  in  the  range 
of  1-3  X  101’  g  annually,  but  the  data  on  which  the 
estlnate  is  based  ^re  from  1980  and  the  current  surge 
of  deforestation  may  have  pushed  the  rate  of  emissions 
beyond  these  estimates.  The  nost  satisfactory 
measurements  vill  be  obtained  in  due  course  from 
satellite  imagery.  The  need  is  immediate. 

He  have  examined  forests  in  the  Brazilian  Amazon 
Basin  state  of  ParA  with  Landsat  and  Shuttle  Imaging 
Radar-A  (SIR-A)  data.  The  area  of  primary  forest  there 
can  be  defined  with  either  the  combined  SIR-A/Landsat 
data  or  with  the  Landsat  or  SIR-A  data  alone.  It 
appears  that  SIR-A  data  helps  distinguish  a  greater 
number  of  classes  within  the  primary  forest.  It  does 
not  appear  to  help  similarly  for  clearings.  The  highest 
SIR-A  data  values  comes  from  areas  that  appear  to  be 
degraded  primary  forest. 

Secondary  forest  has  replaced  many  of  the  sites 
originally  cleared.  They  are  easily  distinguishable 
from  primary  forests  with  Landsat  data.  Secondary 
forests  had  NDVIs  (0.60  to  0.69)  characteristic  of 
rapidly  growing  vegetation.  Landsat  was  sufficient  to 
classify  this  type  of  secondary  forest. 

L-Band  radar  data  would  be  most  helpful  in 
determining  primary  forest  composition  but  are 
insufficient  in  areal  coverage  to  help  with  the 
determination  of  the  areas  or  rates  of  deforestation. 

I.  Introduction  and  Objectives 

Our  recent  work  has  been  in  the  forests  of  the 
Amazonia  because  of  its  high  rates  of  deforestation. 

For  this  work  we  sought  sites  where  both  Landsat  and 
radar  data  were  available  and  where  successional  or 
secondary  forest  stands  were  common.  The  state  of  Pari 
in  the  eastern  Amazonia  was  chosen  because  the  imagery 
was  available  and  there  seemed  to  be  a  higher 
probability  of  finding  secondary  forests. 

Our  hypothesis  was  that  the  23.5  cm  wavelength 
Shuttle  Imaging  Radar-A  (SIR-A)  data  added  new 
Information  fundamentally  different  from  that  available 
from  optical  satellites  for  the  analysis  of  forests. 

For  instance,  Hoffer  et  al.  (1986)  has  shown  strong 
correlations  between  SIR-B  L-Band  backscatter  and 
biomass  for  pine  forests  and  Sun  and  Simmonett  (1988) 
have  found  the  major  contributor  to  L-Band  backscatter 
was  the  trunks  of  pines.  It  is  clear  that  radar  have 
the  potential  to  add  Information  on  the  voody  biomass 
of  the  forests  to  the  data  on  leaf  activity  available 
from  optical  satellites.  But,  the  pines  studied  by 
others  and  the  tropical  vet  forests  are  intrinsically 


different  in  canopy  volume,  structure 
and  moisture  content. 

II.  Methods 

A.  The  Paragominas  Region:  Eastern  ParA 

The  state  of  ParA  is  the  second  largest  Brazilian 
state  in  Amazfinia,  covering  1,248,000  km’.  By  1975 
8,650  km1  had  been  cleared;  by  1978  clearings  had 
Increased  160%  to  22,445  km1  (Tardin  et  al.  1980).  By 
1980  the  area  cleared  had  increased  another  50%  to 
33,900  km*  (fide  Fearnslde  1985),  about  3%  of  the 
total  area  of  forests  of  ParA.  There  are  no  more 
recent  estimates. 

Hore  than  90%  of  clearing  is  for  pasture.  There  has 
been  sufficient  time  for  abandoned  p.  ,ture  to  revert 
to  secondary  forest,  if  the  pasture  was  not  severely 
degraded.  Hecht  (1982)  estimated  that  50%  or  more  of 
the  pasture  in  Paragominas  was  degraded. 

B.  Imagery 

He  acquired  Landsat  images  of  the  Paragominas 
region  for  1981  and  1986  from  the  Brazilian  Space 
Agency,  MCT/INPE.  He  sought  Landsat  data  from  dates  as 
close  as  possible  to  November  15,  1981,  the  date  of 
the  shuttle  overpass.  The  best  match  was  a  Landsat 
Multispectral  Scanner  (MSS)  image  from  August  6,  1981. 
A  Landsat  Thematic  Happer  (TM)  image  of  the  same 
region  dated  July  17,  1986  was  acquired.  A  part  of  the 
optical  film  of  SIR-A  Data  Take  >31  was  digitized  at 
the  Jet  Propulsion  Laboratory  (JPL).  SIR-A  data  cover 
a  swath  50  km  wide,  were  acquired  at  an  incidence 
angle  of  50’  +/-3  and  are  HH  polarized  (Cimino  and 
Elachi  teds.)  1982). 

C.  Data  Entry  and  Setup 

The  1981  MSS  and  radar  data  were  used  with  an 
ERDAS-PC  system.  Each  file  of  radar  data  was  smoothed 
with  a  3  X  3  low  pass  filter  to  reduce  speckle  and 
registered  to  the  4  bands  of  MSS  data  to  create  a  5- 
banded  image.  The  1981  MSS  and  1986  TM  data  were  co¬ 
registered  and  covered  a  common  area  of  15,750  km1. 

D.  Clearings  and  Forests 

The  5-banded  data  set  allowed  interpretation  of  the 
SIR-A  and  MSS  data  within  two  broad  categories, 
primary  forests  and  cleared  land.  Tne  second  category 
also  Included  secondary  forest  younger  than  26  years. 

The  first  approach  was  analysis  of  the  correlation 
of  the  MSS  and  SIR-A  data  of  areas  that  were  obviously 
primary  forest  or  clearings.  He  selected  55  clearings 
'  various  sizes  from  the  5-banded  dataset.  He  then 
examined  the  distribution  of  MSS  normalized  difference 
vegetation  index  (NDVI)  data.  The  NDVI  was  calculated 
by  subtracting  Landsat  MSS5  from  MSS7  and  normalized; 
NDVI=(MSS7-MSS5)/(MSS7+MSS5) .  The  NDVI  is  correlated 
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with  green-leaf  biomass  and  leaf-area  (Tucker  et  al. 
1980,  Holben  et  al.  1980).  He  also  examined  the 
distribution  of  the  NDVI  data  against  the  radar  data 
for  a  1,160  km' block  that  was  half  forested. 

A  second  approach  to  the  examination  of  the  5- 
banded  dataset  was  an  unsupervised  classification  of 
large  blocks  (1,160  km1)  and  a  similar  classification 
of  the  same  blocks  with  only  the  4  MSS  bands. 

A  third  approach  was  to  analyze  the  data  of  a  1,160 
km1  block  with  principal  components. 

E.  Change  Detection 

We  used  change  detection  techniques  with  Landsat  to 
determine  the  amount  of  clearing  and  forest  regrovth 
from  1981  to  1986.  We  subtracted  the  spectral  values  of 
MSS5  and  MSS7  for  1981  from  1986  to  create  a  difference 
Image  which  highlighted  the  areas  of  greatest  change 
such  as  forest  to  cleared  or  from  pasture  to  forest. 

The  final  step  In  the  change  detection  process  was 
unsupervised  classification  of  the  change  Image. 

III.  Results 

A.  MSS  NDVI  and  SIR-A  Data 

The  mean  NDVI  for  all  "clearings"  was  0.40  and  for 
forests  was  0.57.  The  clearing  category  could  Include 
everything  from  bare  soil  to  secondary  forest,  21  to  26 
years  old,  as  old  as  the  first  clearings  In  the  region. 

There  was  a  strong  correlation  of  MSS  data  between 
the  two  visible  and  the  two  near-infrared  bands  (Table 

1) .  The  radar  data  were  positively  correlated  to  the 
near-infrared  bands  and  negatively  to  the  visible 
bands. 

The  mean  NDVI  for  forests  was  0.57  which  is 
typical.  There  was  little  variance  In  the  MSS  bands; 
more  variance  occurred  in  the  radar  data  of  the  same 
sites.  The  correlations  between  the  four  MSS  bands  and 
the  one  radar  band  (Table  II)  were  similar  to  the 
clearings. 

The  radar  and  NDVI  data  for  the  1,160  km’  block 
were  examined.  Forested  sites  had  the  strongest  radar 
response,  consistent  with  the  observations  of  others 
(Wu  1983,  Brisco  et  al.  1983)  and  unlike  Mato  Grosso 
where  some  cleared  areas  had  stronger  SIR-A  backscatter 
than  the  surrounding  forest  (Stone  and  Woodwell  1988). 
However,  the  largest  contiguous  areas  of  highest  radar 
return  were  primary  forests  immediately  adjacent  to 
very  large  clearings  (10  to  60  km1)  with  the  lowest 
NDVIs  (Fig.  1).  That  this  forest  had  the  strongest 
radar  response  was  probably  due  to  degradation  of  the 
forest  due  to  selective  logging,  which  may  damage  up  to 
50%  of  the  remaining  trees,  clearing  fires  which  have 
escaped  into  the  forest,  or  microclimate  changes  which 
make  the  primary  forest  all  "fringe".  It  appears  there 
was  greater  radar  response  from  degraded  primary  forest 
due  to  a  combination  of  canopy  loss,  increased  soil 
response,  and  enhanced  response  from  the  trunks  of 
trees. 

Another  dissimilarity  with  the  Mato  Grosso  data 
were  the  presence  of  numerous  areas  with  significantly 
higher  NDVIs  and  lower  radar  backscatter  than  the 
primary  forest  sites,  and  with  higher  backscatter  than 
the  majority  of  clearings.  High  NDVI  sites  are  thought 
to  have  high  photosynthetic  capacity.  One  hypothesis  Is 
that  these  were  secondary  forests,  vigorously  growing 
yet  lower  in  standing  woody  biomass  and  therefore  lower 
In  radar  backscatter  than  primary  forests.  This 
hypothesis  was  supported  by  the  observation  that  areas 
defined  In  the  field  as  secondary  forest  (C.  Uhl  pets, 
comm.  1988,  also  had  NDVIs  greater  than  0.60. 

As  we  proceed  from  the  lower  to  higher  NDVIs  (Fig. 

2) ,  there  was  little  increase  in  radar  backscatter 
until  an  NDVI  of  about  0.50.  At  this  point  the  NDVIs  of 
the  primary  forest  began  to  dominate.  Areas  that 
appeared  to  be  secondary  forest  had  the  highest  NDVIs 


and  slightly  less  radar  backscatter  than  the  primary 
forest.  Other  areas  vlth  the  highest  radar  backscatter 
and  the  same  NDVI  as  primary  forest  are  immediately 
adjacent  to  the  largest  clearings  and  appear  to  be 
degraded  primary  forest. 

B.  Unsupervised  Classification  of  Merged  Data  Set 

Unsupervised  clustering  of  five  blocks  (1,160  km*) 

vas  done  for  both  the  MSS/radar  data  set  and  for  the 
MSS  data  alone. 

For  the  MSS  data  alone  the  variability  vas  greater 
among  the  clearings  as  opposed  to  the  forest  sites. 

The  greater  variability  resulted  in  identification  of 
several  clusters  of  similar  plots  among  the  clearings 
as  opposed  to  a  single  cluster  among  the  forest  plots 
(Table  III). 

When  the  merged  MSS  ar.d  SIR-A  data  were  clustered 
the  variability  In  forests  vas  Increased  sufficiently 
to  add  another  forest  type  without  affecting  the 
number  of  classes  of  clearings.  This  observation 
confirms  that  radar  data  will  be  more  helpful  in 
understanding  forest  types  than  types  of  clearings. 

C.  Principal  Components 

Principal  components  analyses  (Table  IV)  of  the 
mean  MSS  and  SIR-A  values  for  clearings  revealed  that 
76%  of  the  variance  could  be  described  with  one 
principal  component,  91%  could  be  described  vlth  two 
and,  99.9%  could  be  described  with  three.  In  remotely 
sensed  imagery  the  first  principal  component  (PCI) 
usually  describes  the  overall  brightness  variance  In 
the  data.  Information  on  other  aspects  of  the  Image 
generally  resides  in  the  other  components  (Forster 
1985). 

PCI  for  the  clearings  was  almost  equally 
distributed  among  all  5  hands  of  data.  The  second 
principal  component  (PC2)  described  15%  of  the 
variance  and  vas  dominated  by  the  radar  coefficient 
and  by  the  two  near-infrared  bands.  The  majority  of 
the  variance  was  in  the  radar  data.  The  third 
principal  component  (PC3)  was  divided  almost  equally 
among  all  five  bands  of  data.  The  results  suggest  that 
there  Is  little  additional  information  to  be  gained 
from  use  of  L-Band  radar  in  these  clearings. 

Principal  components  analysis  of  the  forests  (Table 
V)  revealed  that  66%  of  the  variance  was  described  by 
PCI,  27%  described  by  PC2,  and  8%  of  PC3.  If  PCI 
describes  the  overall  brightness  variance  In  the  data, 
all  the  remaining  differences  within  forest  types  were 
in  PC2  and  PC3. 

PCI  in  the  forest  analysis  described  66%  of  the 
variance  compared  to  76%  in  the  clearings.  Because 
there  was  a  greater  range  of  brightness  in  the 
clearings  this  result  was  expected.  PC2  described  27% 
of  the  variance  in  the  forest  sites  compared  to  15%  in 
the  clearings.  As  in  the  clearing  sites,  PC2  vas 
dominated  by  the  SIR-A  data  and  by  the  first  near- 
infrared  band.  Because  of  the  greater  amount  of 
variance  described  by  PC2  and  PC3  for  the  forest  sites 
compared  with  the  clearing  sites,  it  appears  that 
radar  data  vould  be  more  helpful  in  distinguishing 
between  forest  types  than  between  types  of  clearings. 
PC3  vas  also  dominated  by  the  SIR-A  data  unlike  the 
clearing  sites  where  the  green  band  (MSS4)  dominated. 

Because  the  correlation  between  MSS  and  radar  data 
was  weaker  in  the  forest  sites  than  in  the  clearing 
sites  there  Is  more  basis  for  looking  more  closely  at 
L-Bands  data  to  understand  these  forests. 

D.  Change  Detection 

The  results  of  an  unsupervised  classification  of 
the  region  covered  by  both  the  1981  and  1986  tandsat 
data  (15,751  km1)  showed  the  region  to  be  78.1% 
forest,  20.4%  clearings  and  1.5%  clouds,  shadows  and 
bad  data  in  1981. 
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Santos  et  al.  (1979)  estimated  that  18. 4*  o£ 
Paragonlnas  had  been  cleared  by  1978,  similar  to  our 
estinate  for  1981  of  20.4*  cleared  of  the  portion  of 
Paragonlnas  that  we  studied.  The  mean  rate  of  clearing 
from  I960  to  1981  was  153  km1  yr'1  or  0.97*  yr'1,  the 
sane  rate  found  by  Santos  et  al.  (1979).  In  contrast, 
the  statewide  clearing  rate  was  0.37*  yr'1  Iron  1975  to 
1978  and  0.15*  yr'1  from  1978  to  1980  (Tardln  et  al. 
1980).  Consequently,  the  deforestation  rate  In  the 
Paragonlnas  region  was  double  the  statewide  average. 

The  unsupervised  classification  of  the  15,750  kn1 
change  inage  showed  that  69.2*  of  the  area  renalned 
unchanged  as  forest.  Because  we  knew  that  78.1*  of  the 
region  was  forest  In  1981,  another  8.9*  of  the  region 
could  have  been  cleared.  As  2.8*  of  change  was  due  to 
clouds,  shadows,  and  flooding,  70.2*  of  the  area  was 
estinated  to  have  renalned  as  forest. 

The  area  of  new  clearing  was  7.9*  (78.1*  less 
70.2*).  The  rate  of  forest  clearing  fron  1981  to  1986 
was  1.6*  yr'1,  an  increase  of  50*  over  the  nean  1960- 
1981  rate  of  forest  clearing. 

IV.  Discussion  and  Sumnary 

We  have  explored  here  the  contributions  nade  using 
SIR-A  data  to  supplencnt  Landsat  in  detecting  and 
neasuring  deforestation  and  reforestation  In  the 
tropics.  Currently,  the  contributions  are  United. 
Optical  data  fron  Landsat  and  other  satellites  are 
sufficient  for  an  inventory  of  forest  versus  nonforest 
over  large  areas.  Radar  data  offer  the  intriguing 
possibility  of  directly  determining  woody  biomass  and 
Improving  our  understanding  of  forest  types,  regrowth, 
and  degradation  but  at  this  point  the  quality  and 
quantity  of  the  data  are  Insufficient. 

A.  Rates  of  Forest  Clearing 

The  area  of  forest  cleared  fron  1960  to  1981  was 
20.1*  of  the  area  examined  (15,571  kn1).  The  rate  from 
1960  to  1981  was  0.97*/year,  double  the  statewide 
average.  If  the  majority  of  clearing  began  in  1969  as 
suggested  by  Santos  et  al.  (1979),  then  the  rate  of 
clearing  has  been  1.7*/yr  fron  1969  to  1981.  This  is  a 
high  rate  by  any  standard. 

The  amount  of  clearing  for  1981  to  1986  was  an 
additional  7.9*.  This  Is  the  same  as  the  rate  from  1969 
to  1981.  There  was  no  indication  that  the  rate  of 
clearing  was  slowing  because  of  the  loss  of  incentives 
for  deforestation.  Rates  of  forest  clearing  are  not 
declining  In  any  of  the  areas  of  Amazonia  we  have 
examined  to  date;  Rondonla,  Mato  Grosso,  and  eastern 
Par  A. 

B.  Primary  and  Secondary  Forests  and  Clearings 

The  area  of  primary  forest  can  be  defined  with 

either  the  combined  radar/Landsat  data  or  with  the 
Landsat  or  radar  data  alone.  Based  on  clustering 
analysis  the  L-Band  data  helps  distinguish  a  greater 
number  of  classes  within  the  primary  forest  than  In  the 
cleared  lands.  SIR-A  data  appears  also  to  provide 
Information  on  degraded  primary  forest  which  is  not 
available  from  optical  data. 

The  results  reported  were  affected  by  fading  of  the 
radar  signal.  But  the  25*  of  the  variance  in  the  data 
related  to  factors  other  than  total  brightness  may  be 
affected  by  woody  biomass  differences  or  other 
differences  In  the  vegetation  such  as  moisture  or 
canopy  volume. 

Secondary  forest  are  distinguishable  from  the 
primary  forest  with  MSS  data  alone.  Secondary  forests 
had  a  very  high  NDVI  (0.60  to  0.69)  which  is 
characteristic  of  rapidly  growing  vegetation.  The 
secondary  forests  have  a  small  amount  of  woody  biomass 
compared  to  the  primary  forest  which  may  result  In  a 
diminished  radar  signal. 


C.  Radar  and  Optical  Data  Correlations 

Radar  backscatter  did  not  vary  significantly  with 
NDVI  for  the  areas  of  pasture  and  clearings. 

Therefore,  factors  other  than  NDVI  and  its  correlate, 
green  leaf  area,  were  controlling  the  radar  response. 
It  may  instead  be  controlled  by  remnant  voody  biomass, 
as  suggested  by  Stone  and  Woodwell  (1988)  or  by  other 
factors,  and  therefore  be  unresponsive  to  changes  in 
MDVI  up  to  0.45  or  to  leaf  area. 

Above  an  NDVI  of  0.50  there  were  three  well  defined 
forest  types,  probable  disturbed  primary  forest  with 
the  highest  mean  radar  values  and  with  NDVIs  from  0.50 
to  0.60,  undisturbed  primary  forest  with  intermediate 
radar  values  and  NDVIs  from  0.50  to  0.60,  and 
secondary  forest  with  intermediate  to  lover  radar 
values  and  NDVIs  from  0.55  to  0.69.  That  the  secondary 
forest  has  a  lover  radar  return  signal  than  the 
primary  forest  could  be  an  indication  that  voody 
biomass  was  dominating  the  radar  return  signal  from 
the  primary  forests. 

The  majority  of  the  variance  between  different 
types  of  clearings  is  displayed  along  the  NDVI  axis 
and  the  majority  of  the  variance  betveen  types  of 
forests  is  displayed  along  the  SIR-A  axis.  To 
determine  the  biomass  classes  of  regions  dominated  by 
green  biomass  and  voody  biomass  we  need  to  use  the 
both  the  visible  and  mlcrovave  portions  of  the 
spectrum. 

L-Band  data  would  be  most  helpful  in  determining 
primary  forest  composition  but  are  Insufficient  in 
areal  coverage  to  help  with  the  determination  of  the 
areas  or  rates  of  deforestation.  Optical  data  such  as 
those  from  Landsat  and  AVHRR  are  sufficient  for 
determining  the  area  and  rates  of  deforestation  and 
reforestation  in  the  tropics. 
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B1 

B2 

B3 

B4  SIR 

B1 

1.00 

B2 

0.97 

1.00 

B3 

-0.67 

-0.76 

1.00 

B4 

-0.78 

-0.85 

0.98 

1.00 

SIR 

-0.53 

-0.50 

0.37 

0.43  1.00 

Table  I.  Correlation  betveen  the  Spectral  data  o£ 
Clearings. 
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B1 

B2 

B3 

B4 

SIR 

B1 

1.00 

B2 

0.99 

1.00 

B3 

-0.35 

-0.39 

1.00 

B4 

-0.63 

-0.66 

0.93 

1.00 

SIR 

-0.65 

-0.60 

0.01 

0.27 

1.00 

Table  II.  Correlation  betveen  the  Spectral  data  £or 
Forests. 
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Figure  1.  Smoothed  SIR-A  data  of  1200  km*  near 
Paragominas,  ParA  The  large  center  field  covers  57 
km1.  The  lover  right  of  the  image  is  the  near  side  of 
radar  data  acquisition.  Note  the  brightest  radar 
backscatter  is  from  forests  immediately  to  the  north, 
vest,  and  south  of  the  large  central  field.  These 
bright  tones  represent  areas  of  probable  primary  forest 
degradation. 
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Table  III.  Summary  of  results  of  unsupervised 
classification  of  clearing  types  and  primary  forest 
types  using  1,160  km1  blocks  of  MSS  data  and  merged 


MSS/SIR-A  data. 
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Described  Variance  Eigenvector  Coefficients 


% 

Cuml% 

SIR-A 

Green 

Red 

NIR1 

NIR2 

PI 

76.1 

76.1 

0.31 

-0.47 

-0.49 

0.46 

0.49 

P2 

15.1 

91.2 

0.89 

-0.09 

0.02 

-0.37 

-0.28 

P3 

8.4 

99.6 

-0.36 

-0.58 

-0.44 

-0.51 

-0.30 

P4 

0.4 

99.9 

0.03 

0.59 

-0.74 

0.12 

-0.31 

Table  IV.  Clearings  Principal  Components. 
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Described  variance  Eigenvector  Coefficients 


% 

Cuml% 

SIR-A 

Green 

Red 

NIR1 

NIR2 

PI 

65.5 

65.5 

0.34 

-0.51 

-0.51 

0.36 

0.48 

P2 

26.6 

92.1 

0.55  -0.26 

-0.22 

-0.64 

-  0.42 

P3 

7.6 

99.7 

-0.76  -0.39 

-0.44 

-0.25 

-0.15 

P4 

0.2 

99.9 

-0.06 

0.17 

0.05 

-0.63 

0.75 

Table  V.  Principal  Components  for  Forests. 


Figure  2.  Radar  DN  and  Landsat  NDVI  values  for  all 
pixels  in  a  1,160  km1  block.  Typical  clearings  are 
vithin  ellipses  1  and  2.  Areas  of  secondary  regrovth 
vith  the  h.ghest  NDVls  are  in  ellipse  *3.  Typical 
primary  forests  are  ellipses  14  and  15  and  probable 
degraded  primary  forests  are  16,  the  region  of 
strongest  radar  backscatter.  Primary  forests  have 
higher  radar  DNs  than  clearings.  Secondary  forests  had 
higher  NDVls  than  did  primary  forest  or  fields  and  a 
higher  radar  DN  than  fields.  The  majority  of  the 
information  about  different  field  types  is  along  the 
NDVI  axis  and  the  majority  of  the  Information  about 
forests  is  along  the  radar  axis. 
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Over  the  last  two  decades  interest  in  the  condition  of  the  Earth's  environment 
and  resources  has  grown  considerably.  Importance  is  now  attached  to  all 
levels  from  specific  populations  to  the  processes  of  global  change.  As 
vegetation  forms  the  base  trophic  level  of  all  terrestrial  ecosystems,  the  study 
of  vegetation  dynamics  is  a  vital  element  of  environmental  monitoring.  At 
the  Institute  for  Remote  Sensing  Applications  the  analysis  of  vegetation 
dynamics  is  applied  to  the  monitoring  of  renewable  natural  resources  in 
Africa.  Current  topics  are  crop  production,  vegetation  change  in  major  river 
basins  and  degradation  of  the  savanna  -  tropical  forest  ecosystem. 
Multispcctral  data  from  the  Advanced  Very  High  Resolution  Radiometer 
(AVHRR)  sensor  on  the  NOAA  scries  of  satellites  operated  by  the  National 
Oceanic  and  Atmospheric  Administration  (NOAA)  are  used  extensively  in  this 
work. 

AVHRR  data  are  available  in  full  resolution  (lKm)  and  reduced  resolution  (4 
Km)  formats.  For  the  African  continent  the  reduced  resolution  Global  Area 
Coverage  (GAC)  data  archive  offers  more  complete  coverage  (both  areally  and 
temporally)  than  is  available  from  full  resolution  data  archives.  There  is 
near  daily  coverage  of  the  ei  tire  continent  at  4km  resolution,  or  limited 
coverage  at  1km  resolution.  The  aim  of  this  work  is  to  establish  the  value  of 
the  low  spatial  resolution  data  through  comparison  with  full  resolution  data 
sets. 

Contemporaneous  AVHRR  imagery  in  reduced  resolution  GAC  and  full 
resolution  High  Resolution  Picture  Transmission  (HRPT)  data  types  are 
available  for  most  of  West  Africa.  Imagery  from  25th  January  1988  was  found 
to  be  almost  completely  cloud  free  for  the  entire  land  mass.  A  study  area  was 
selected:  4°N  to  20°N,  and  18°W  to  6°E  -  covering  more  than  4.5  million  km^. 
For  this  window  ail  five  channels  of  the  HRPT  and  GAC  data  for  25th  January 
1988  were  geometrically  corrected  using  an  orbital  model  plus  satellite  earth 
location  points.  Resampling  was  to  a  lKm  pixel  by  nearest  neighbour  for  both 
data  sets.  A  final  image  translation  from  manually  derived  control  points 
ensured  optimum  image  to  image  registration.  The  Normalised  Difference 
Vegetation  Index  (NDVI)  was  calculated  for  both  data  sets,  then  difference 
images  were  generated  for  all  channels  plus  the  NDVIs.  Mean  value  and 
variance  were  obtained  on  a  range  of  cover  types  from  original  channels, 
NDVIs  and  difference  images. 

At  GAC  resolution  detailed  features  such  as  small  river  valleys  arc  lost. 
Regional  scale  features  are  preserved,  providing  information  on  vegetation 
dynamics  over  important  cover  types  like  the  savanna  -  forest  transition 
zone.  GAC  resolution  data  provide  a  synoptic  view  of  the  entire  West  African 
region  in  a  single  512  pixel  by  512  line  window.  This  combined  with  the 
existence  of  good  time  series  make  these  data  well  suited  to  environmental 
monitoring  on  a  regional  scale.  The  increased  spatial  resolution  of  the  HRPT 
data  is  of  value  in  providing  more  accurate  spatial  information,  but  the  16 
fold  increase  in  data  processing  volume  plus  the  lack  of  good  time  series 
make  these  data  less  suitable  for  regional  studies  in  the  West  African  context. 
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ABSTRACT 

The  overall  characteristics  of  the  RADARSAT  remote  sensing 
mission  are  described  as  an  introduction  to  the  papers  that 
follow.  Emphasis  is  placed  on  the  features  that  make  it  unique 
from  satellites  that  carry  optical  sensors  including  its  sun- 
synchronous  dawn-dusk  orbit,  cloud-free,  real-time  images,  and 
electronic  radar  beam  steering.  These  features  lead  to 
important  differences  in  the  availability  of  global  data, 
geographic  coverage  and  mission  management. 

INTRODUCTION 

Now  that  agreements  have  been  reached  with  all  partners  in 
RADARSAT,  the  Canadian  Government  will  proceed  with  the 
construction  and  operation  phases  of  this  mission.  This  marks 
an  important  turning  point  in  the  life  of  a  satellite  project 
whose  mission,  design  and  configuration  has  evolved 
considerably.  This  paper  reviews  the  present  design  in  the 
context  of  program  objectives  and  describes  some  of  its  special 
characteristics  and  the  way  in  which  the  mission  will  be 
managed.  Technical  descriptions  of  the  ground  and  space 
segments  as  well  as  the  economic  and  commercial  aspects  of 
the  mission  are  dealt  with  in  more  detail  in  the  following 
papers. 

MISSION  OBJECTIVES 

The  RADARSAT  project  has  its  origins  in  the  Canadian 
national  requirement  for  information  for  resource  management 
and  environmental  monitoring.  In  particular,  during  the  ’oil 
crisis’  of  the  late  70’s  when  oil  exploration  was  being  vigorously 
pursued  in  the  Arctic,  it  was  apparent  that  sea  state,  ship 
position  and  ice  information  would  be  required  on  an 
unprecedented  scale  when  oil  tankers  brought  the  oil  to 
southern  markets.  Satellite  remotely  sensed  data  gives  coverage 
on  the  scale  and  frequency  required  but  poor  illumination  much 
of  the  year  at  high  latitudes  and  persistent  cloud  cover  make 
synthetic  aperture  radar  (SAR)  the  only  acceptable  sensor 
technology  for  reliable,  fast,  information.  Mission  requirements 
for  RADARSAT  were  based  on  national  and  bilateral  studies 
with  the  U.S.  and  were  updated  following  the  results  of  an 
experimental  piogram  which  had  been  conducted  during  and 
after  the  Seasat  mission.  These  experiments  showed  that  SAR 
data  also  had  important  land  applications  such  as  mapping  of 
surface  structure,  soil  moisture  conditions,  and  crop  and  forestry 
monitoring  in  cloudy  regions.  Economic  studies  showed  the 


associated  benefits  from  land  applications  would  be  greater 
than  those  from  sea  and  ice  mapping. 

The  fact  that  RADARSAT  is  a  Canadian  project  leads  to  the 
next  mission  objective  which  is  to  establish  a  Canadian  mission 
control  facility  for  polar  orbiting  satellites.  Finally, 
RADARSAT  data  is  to  be  collected  and  made  available 
globally.  This  objective  will  be  achieved  by  assigning  the  sole 
rights  for  data  distribution  to  a  private  sector  company. 

PARTNERSHIPS 

The  RADARSAT  project  has  partnerships  with  U.S.  agencies, 
Canadian  provincial  governments  and  the  private  sector. 
Canada  is  responsible  for  the  design  and  integration  of  the 
overall  system,  for  construction  of  the  radar,  for  the  provision 
of  the  satellite  platform,  for  control  and  operation  of  the 
satellite  in  orbit  and  for  operation  of  the  data  reception  stations 
in  Prince  Albert,  Saskatchewan  and  Gatineau,  Quebec. 

-  U.S.  Agencies 

NASA  will  provide  the  launch  services  and  will  operate  a  data 
reception  station  in  Alaska  in  exchange  for  radar  data  for  its 
research  programs;  NOAA  will  facilitate  the  participation  of  the 
American  private  sector  in  the  distribution  of  data. 

-  Provinces 

All  Canadian  provinces  have  participated  in  the  planning  of  the 
RADARSAT  Program.  Quebec,  Ontario,  British  Columbia  and 
Saskatchewan  will  share  in  the  costs  in  order  to  develop 
technology  within  their  industries.  An  agreement  has  also  been 
developed  with  the  remaining  provinces  for  their  participation. 
They  can  make  a  pre-payment  in  order  to  receive  data  at  cost 
of  reproduction. 

-  Private  Sector 

A  private  sector  company,  RADARSAT  International  (RSI), 
has  been  incorporated  to  distribute  the  radar  data.  RSI  is 
seeking  industrial  partners  in  the  U.S.  to  provide  the  U.S. 
private  sector  with  an  appropriate  role  in  the  global  marketing 
of  SAR  data.  RSI  has  the  right  to  distribute  the  data  in  excess 
of  the  international  partners’  governmental  requirements.  In 
return,  they  will  invest  in  developing  this  market  and  provide 
royalty  payments  to  the  Government  from  sales. 
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SATELLITE  MISSION 

The  RADARSAT  launch  is  scheduled  for  mid-1994,  using  a 
medium-class,  expendable  launch  vehicle.  The  satellite  payload 
will  consist  of  an  advanced  synthetic  aperture  radar  (SAR),  and 
its  associated  down-link  transmitters,  tape-recorders  and  its 
command  computer.  The  satellite  platform  will  furnish  the 
electrical  power,  attitude  stability,  orbit  maintenance,  and 
housekeeping  telemetry.  The  satellite  will  use  space-qualified 
sub-systems  and  redundancy  in  order  to  attain  its  5-year 
lifetime. 

The  orbit  selected  for  RADARSAT  is  similar  to  the  orbits  for 
the  LANDSAT  and  SPOT  satellites;  it  is  sun-synchronous  with 
an  altitude  of  about  800km,  but  the  time  of  its  descending  and 
ascending  equatorial  crossings  are  about  three  hours  earlier  at 
dawn  and  dusk  respectively. 


-  The  Orbit 

The  orbit  parameters  for  RADARSAT  are  shown  in  Table  1. 


Geometry  : 

Equatorial  crossing  time: 
Altitude  : 

Inclination  : 

Period  : 

Repeat  Cycle  : 

Sub-cycle: 

Table  1: 


Circular,  sun-synchronous 
6  a.m. 

792km 

98.6| 

100.7  minutes 
16  days 
3  days 

Orbit  Parameters 


For  microwave  satellites,  the  dawn-dusk  orbit  offers  several 
advantages  because  the  solar  illumination  is  more  constant  and 
the  satellite  is  rarely  in  the  earth’s  shadow.  This  leads  to  better 
thermal  stability  of  the  satellite  and  to  smaller,  more  efficient 
solar  arrays. 

Also,  because  the  satellite  is  in  sunlight  for  most  of  the  year, 
there  is  no  need  to  carry  large  batteries  to  power  the  SAR  in 
eclipse.  As  illustrated  in  Figure  1,  there  is  a  brief  period  of 
eclipse,  maximum  duration  seventeen  minutes,  in  the  middle  of 
the  Antarctic  Summer. 


Perhaps  the  greatest  advantage,  however,  is  that  the  SAR  can 
be  turned  on  at  any  time  in  the  orbit,  which  means  that  there 
is  no  distinction  between  ascending  and  descending  passes  from 
an  operational  point  of  view.  This  will  greatly  increase  the 
opportunities  for  large  scale  gcomorphological  studies  using 
different  radar  illumination  directions. 

Another  advantage  to  operators  of  receiving  stations  for  remote 
sensing  satellites  is  that  the  data  reception  periods  for 
RADARSAT  do  not  conflict  with  the  other  optical  sensor 
satellites.  This  allows  more  efficient  use  of  the  tracking 
antenna  and  recording  equipment. 

The  normal  configuration  of  the  RADARSAT  mission  has  the 
SAR  pointing  to  the  north  so  that  there  is  almost  complete 
coverage  up  to  the  North  Pole.  However,  twice  during  the 
mission  for  a  period  of  about  2  weeks,  the  satellite  will  be 
rotated  180  degrees  about  its  yaw  axis  so  as  to  direct  the  beam 
to  the  south.  The  purpose  is  to  obtain  a  complete  SAR  map  of 
Antarctica  at  the  times  of  maximum  and  minimum  ice  cover. 

THE  SAR 


The  SAR  is  an  advanced  multi-mode  instrument,  that  operates 
at  5.3  GHz  (C-Band).  It  has  a  choice  of  three  transmit  pulses 
and  numerous  beam  selections  to  give  images  with  a  variety  of 
swath  widths  and  resolution,  (see  Table  2). 


Mode 


Swath  Resolution  Incidence  Angle 


Standard  100km 
High  Resolution  55km 
Experimental  100km 


28m  x  30m  20  -  49  (4  looks) 
8m  x  8m  20  -  49  (1  look) 
28m  x  30m  49  -  60 


Scan  SAR  500km  100m  x  100m  20  -  49  (6  looks) 


Table  2  -  SAR  Modes 
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The  multiple  beam  feature  is  achieved  by  a  beam-forming 
network  with  electronic  phase-shifters,  that  can  be  changed  in 
a  fraction  of  a  second.  This  enables  both  the  beam  width  and 
the  pointing  direction  to  be  changed  very  rapidly.  Indeed  in  the 
SCANSAR  mode  the  switching  takes  place  continuously  in 
effect  creating  two  or  more  interleaved  SAR  swaths  at  the  same 
time.  These  are  then  processed  to  create  a  single  wide  swath 
image. 

These  various  configurations  of  the  SAR  each  have  applications 
for  which  they  are  best  suited.  Thus,  for  example,  the  wide 
swath  mode  will  be  that  most  used  for  ice  surveillance,  while 
the  standard  mode  will  be  preferred  for  crop  monitoring  and 
the  high  resolution  mode  will  be  used  where  most  detail  is 
required.  ’Stereo’  images  can  be  obtained  by  imaging  the  same 
area  at  different  incidence  angles.  The  experimental  modes  are 
a  group  of  high  incidence  angle  beams  which  are  not  subject  to 
the  same  performance  specifications  as  the  other  beams.  These 
beams  are  useful  foi  monitoring  of  shipping  and  icebergs  where 
the  reduced  return  from  the  sea  compensates  for  the 
deterioration  of  the  beam  shapes. 

The  SAR  can  be  turned  on  at  any  time  in  the  orbit  to  a 
maximum  accumulation  of  28  minutes  data  per  orbit.  The 
radar  coverage  available  using  the  500km  swath  mode  over 
North  america  is  shown  in  Figures  2  (one  day)  and  3  (three 
days).  The  gaps  in  coverage  will  be  filled  in  on  following  days. 


MISSION  MANAGEMENT 

Mission  operations  will  be  cooidinated  by  a  Mission 
Management  Office  (MMO)  which  will  serve  as  the  interface 
between  the  user  community,  the  Mission  Control  Facility  for 
commanding  the  satellite,  and  the  ground  reception  and 
processing  facilities.  In  Canada,  the  ERS-1  processing  facility 
will  be  upgraded  to  handle  the  increased  throughput  of 
RADARSAT.  In  addition  to  coordinating  and  scheduling  the 
national  and  international  requests  for  SAR  data  acquisition, 
the  MMO  will  monitor  the  entire  distribution  system.  Thus, 
from  the  point  of  view  of  the  project  partners,  it  will  be  the 
executive  office  for  the  mission,  responsible  for  implementing 
the  provisions  of  the  various  agreements. 

Because  of  the  certainty  of  obtaining  cloud-free  images 
responding  to  user  requests  will  be  easier.  However,  because 
it  now  becomes  practical  to  monitor  real-time  phenomena  such 
as  sea  and  ice  conditions,  the  throughput  demand  of  the 
delivery  system  is  increased.  Also,  the  number  of  modes  and 
beam  directions  of  the  radar  will  need  more  attention  to  resolve 
conflicts.  The  satellite  will  carry  two  high  speed  tape  recorders, 
each  capable  of  storing  10  minutes  of  data,  but  to  improve  the 
chance  of  their  surviving  the  five  year  mission  in  working  order, 
their  use  will  be  limited  to  high  priority  data  requirements. 

The  satellite  has  been  designed  so  that  it  will  have  excess 
capacity  to  that  required  by  the  Governments  who  have 
participated  in  its  construction.  The  excess  capacity  will  be  sold 
by  the  private  sector  distributor,  RSI,  who  will  market  direct 
reception  and  data  distribution  agreements  to  interested  parties. 

Since  interpretation  of  radar  images  is  till  in  the  development 
stage  for  some  applications,  the  mission  is  also  supported  by  a 
vigorous  applications  development  program.  This  work  is  based 
on  an  airborne  SAR  experimental  program  and  will  be 
expanded  to  include  data  from  the  ESA  ERS-1  satellite  which 
is  due  to  be  launched  in  1990,  and  it  will  continue  beyond  the 
end  of  the  first  RADARSAT  mission.  When  applications 
technology  reaches  appropriate  stage  it  will  be  transferred  to 
the  end  users.  In  fact  this  process  has  already  begun  through 
agreements  with  Canadian  regional  remote  sensing  centres  and 
special  purpose  information  centres,  stich  as  the  Ice  Centre  and 
the  Crop  Information  Centre. 

CONCLUSION 

Canada  has  a  record  of  success  in  pioneering  communication 
satellite  technology;  this  project  is  the  first  Canadian  remote 
sensing  mission.  It  will  pioneer  the  use  of  the  dawn-dusk  orbit, 
the  first  multi-mode  SAR  on  a  satellite,  the  satellite  radar 
mapping  of  Antarctica,  and  the  commercial  distribution  of  radar 
data.  It  is  ambitious,  but  we  have  had  the  advantage  of  taking 
part  in  both  the  SEASAT  and  ERS-1  missions  along  the  way. 
We  have  benefited  greatly  from  international  cooperation  in  the 
past  and,  through  the  RADARSAT  project,  we  hope  to 
contribute  in  our  turn.  One  of  our  most  important  objectives 
is  to  make  RADARSAT  data  available  worldwide  and  in  this 
way  we  are  following  the  example  of  the  optical  satellite  remote 
sensing  projects.  We  are  looking  forward  to  joining  with  other 
countries  and  agencies  and  playing  our  part  in  making  high 
quality  remotely  sensed  data  available  to  organizations  working 
on  global  environmental  problems. 


/ 

/ 


Figure  3  -  Three  day  coverage 


200 


RADARSAT:  REVIEW  OF  PERTINENT  ECONOMIC 
AND  COMMERCIAL  ISSUES 


Marcel  St-Pierre 
Chief  Economist 

RADARSAT  Project  Office 
Canadian  Space  Agency 
Ottawa,  Ontario 


ABSTRACT 

The  expected  availability  of  operational  satellite  synthetic  radar 
data  in  the  nineties,  such  as  RADARSAT,  offers  an  opportunity 
to  fulfill  the  true  commercial  value  of  remote  sensing  from 
space.  This  opportunity  will  be  enhanced  by  the  high  reliability 
of  this  source  of  information  as  an  input  to  the  decision  making 
process  affecting  the  management  and  monitoring  of  our 
natural  resources  and  environment. 

This  paper  reviews  some  pertinent  economic  and  commercial 
issues  relevant  to  RADARSAT,  stresses  the  potential  of  the 
RADARSAT  SAR  system  to  meet  commercial  and  operational 
user  requirements  and  identifies  the  necessary  conditions  for 
the  realization  of  the  anticipated  economic  and  commercial 
benefits  identified  for  the  RADARSAT  project  in  Canada. 


INTRODUCTION 

Ever  since  the  launch  of  the  first  Landsat  satellite  in  1972, 
Canada  has  been  among  the  world  leaders  in  the  field  of 
remote  sensing.  Recognizing  the  constraints  imposed  by  its 
limited  financial  resources,  Canada  has,  over  the  years, 
established  a  recognised  worldwide  competitive  expertise  by 
being  selective  in  its  choice  and  development  of  critical 
segments  of  the  remote  sensing  sector.  (EMR,  Dec.  1988) 

The  development  of  an  airborne  synthetic  aperture  radar  (SAR) 
and  of  systems  to  process  the  SEASAT  data  are  concrete 
examples  of  this  strategy  which  resulted  in  the  Canadian  remote 
sensing  industry  dominating  both  the  world  radar  survey 
markets  and  the  processing  technology.  Government  approval 
of  the  RADARSAT  project  in  the  Spring  of  1989  will  reinforce 
the  commercial  and  technical  leadership  of  the  Canadian 
industry  in  the  field  of  remote  sensing.  RADARSAT  will  be  an 
operational  satellite  carrying  the  most  advanced  civilian  radar 
in  the  world.  With  RADARSAT,  Canada  will  become  one  of 
the  major  world  suppliers  of  operational  satellite  remote 
sensing  data  in  support  of  the  management  of  the  Earth’s 
resources  and  its  environment. 

Project  approval  also  marked  the  beginning  of  a  challenging 
and  critical  period  which  will  determine  the  technological, 
operational  and  commercial  success  of  RADARSAT.  Between 
now  and  the  launch  of  the  satellite  in  1994,  key  timely 
decisions  will  need  to  be  taken  to  ensure  that  the  Canadian 
remote  sensing  community,  including  the  Governments,  private 


sector  and  universities,  will  work  in  a  coordinated  and  effective 
manner,  to  prepare  users  in  various  targeted  market  segments 
for  the  acceptance,  use  and  integration  of  RADARSAT 
information  data  products  in  their  decision  making  process. 

The  purpose  of  this  paper  is  threefold:  to  review  the  factors 
and  barriers  which  have  affected  the  development  of  a  viable 
commercial  remote  sensing  market  to  date;  to  stress  the 
potential  of  the  RADARSAT  SAR  system  to  meet  commercial 
and  operational  user  requirements;  and  to  identify  the 
necessary  conditions  for  the  realization  of  the  anticipated 
economic  and  commercial  benefits  identified  for  the 
RADARSAT  project  in  Canada. 


Review  of  the  factors  and  economic  issues  which  have  affected 
the  development  of  a  viable  operational  and  commercial 
satellite  remote  sensing  information  market 

Since  the  launch  of  the  first  Landsat  earth  observation  satellite 
series  in  1972,  the  remote  sensing  "information  industry"  has 
evolved  considerably.  Until  recently,  the  Landsat  system  had 
remained  primarily  a  research  and  development  effort, 
although,  in  many  circumstances,  it  has  been  presented  and 
used  as  if  it  were  an  operational  system.  (KRS,  1988) 

The  Landsat  technology  was  presented  as  a  revolutionary  cost 
effective  tool  to  assist  in  the  management,  exploitation  and 
monitoring  of  the  Earth’s  resources  and  the  environment.  Large 
potential  economic  benefits  were  attributed  to  the  use  of  that 
"technology"  and,  consequently,  it  generated  high  expectations 
among  early  users. 

Unfortunately,  being  primarily  R  &  D  and  not  market  driven  , 
it  became  obvious  that  this  system  had  not  been  designed  to  be 
cost  effective  and  to  meet  the  operational  and  commercial 
requirements  of  users. 

As  the  technology  failed  to  deliver  all  of  its  promises,  the 
reality  eventually  caught  up  with  the  dream.  Too  much 
emphasis  had  been  put  on  selling  the  technology  and  not 
enough  on  understanding  and  addressing  user  needs  and 
requirements,  and  on  delivering,  in  a  cost  effective  and  timely 
manner,  the  information  contained  in  the  imagery.  The 
information  provided  was  often  not  packaged  and  presented  in 
a  way  that  could  be  easily  merged  in  the  user  decision  making 
process.  (KRS,  1988) 
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In  a  nutshell,  the  lack  of  commercial  success  in  the  early  days 
of  the  remote  sensing  industry  can  be  attributed  to  the  failure 
to  recognize  that,  at  the  user  end,  the  information  product  must 
be  usable  immediately. 

The  Landsat  experience  has  demonstrated  that  remote  sensing 
information  takes  its  full  value,  in  most  cases,  only  after  it  has 
been  properly  extracted  and  merged  with  other  sources  of 
information  and  integrated  into  other  information  systems. 

Too  many  applications  were  developed  without  the  target  user 
in  mind.  Too  often,  remote  sensing  data  suppliers  failed  to 
clearly  demonstrate  and  prove  the  value  and  the  cost 
effectiveness  of  the  new  or  complementary  source  of 
information  they  were  proposing.  They  failed,  in  many  cases, 
to  clearly  explain  to  the  user,  in  his  own  language,  terminology 
and  environment,  how  the  proposed  new  source  of  information 
could  be  an  asset  to  his  business. 

The  early  eighties  saw  the  election  of  several  Conservative 
governments.  Reduction  of  the  deficit  became  an  urgent  priority 
in  most  of  these  countries.  These  governments  also  held 
different  views  on  what  ought  to  be  the  respective  role  of 
government  and  industry.  They  strongly  believed  that 
governments  should  not  unduly  interfere  in  the  market  place 
and  compete  with  the  private  sector.  Directives  were  thus  given 
to  privatize  and  commercialize  several  Crown  corporations  and 
government  agencies  for  which  there  were  no  longer  a 
perceived  public  purpose. 

Early  in  the  process,  remote  sensing  systems  were  identified  as 
prime  candidates  for  privatization.  These  programs  involved 
large  government  expenses  and  moreover,  the  large  economic 
benefits  attributed  to  their  use  were  mostly  in  the  form  of  cost 
savings  and  increased  profits  to  the  users.  Thus,  it  was  only 
logical  that  the  limited  groups  of  users  that  benefit  from  these 
systems  should  pay  full  market  value.  Consequently,  several 
governments  came  to  the  conclusion  that  such  systems  ought  to 
be  developed  and  operated  by  the  private  sector  on  a 
commercial  basis. 

In  the  mid-eighties  a  serious  attempt  was  made  in  that 
direction.  France  created  SPOT  Image,  a  private  company,  to 
market  and  distribute  the  SPOT  data  products  worldwide.  The 
overall  objective  was  to  develop  a  system  which  weald  be 
commercially  viable  within  a  period  of  about  ten  years.  The 
ultimate  goal  is  for  SPOT  4,  by  1996,  to  be  developed,  built  and 
operated  on  a  full  commercial  basis  without  government 
subsidies.  Until  then,  however,  the  French  government  is  to  pay 
for  all  the  capital  and  operating  costs  for  SPOT  1,  2,  and  3. 

The  United  States  transferred  the  Landsat  satellite  system  to  a 
private  consortium,  EOSAT,  in  September  1985,  following  the 
enactment  of  the  Landsat  Commercialization  Act  of  1984  and 
the  issue  of  a  Request  for  Proposal  (RFP)  to  the  industry.  The 
government  agreed,  on  an  interim  basis,  to  subsidize  the 
operation  of  Landsat  4  and  5  and  the  capital  cost  for  Landsat 
6.  Tlie  guul  is  foi  die  piivute  scclui  lo  be  able  to  opeiute 
Landsat  7,  the  follow-on  system,  on  a  fully  commercial  basis. 

Unfortunately,  the  funding  provisions  negotiated  with  the 
private  sector  were  never  endorsed  by  Congress  (Washington 
Remote  Sensing  Letter,  March  1,  1987).  This  has  created  a 
climate  of  uncertainty  regarding  the  interim  funding  for  the 


operation  of  the  Landsat  system  and  its  continuity,  and,  is  most 
likely  to  result  in  a  data  availability  gap  between  Landsat  5  and 
Landsat  6. 

In  view  of  the  apparent  lack  of  progress  being  made  by  EOSAT 
since  1986  to  develop  a  market  for  remote  sensing,  and  as  part 
of  the  process  of  funding  Landsat  6,  the  U.  S.  Congress 
directed,  in  1988,  the  Department  of  Commerce  to  conduct 
studies  for  an  Advanced  Civilian  Earth  Remote  Sensing  System 
(ACERSS)  to  follow  Landsat  6.  KRS  Remote  Sensing,  a  Kodak 
Company,  was  awarded  the  contract  to  study  the  technical, 
financial,  management  and  policy  options  for  an  ACERSS.  The 
approach  favoured  by  KRS  was  a  market  driven  approach  to 
support  the  selection  and  development  of  a  system  that  would 
embody  the  ingredients  that  could  ensure  the  commercial 
viability  of  the  system  selected. 

The  consultants  reviewed  and  assessed  the  conditions  under 
which  an  ACERSS  could  become  commercially  viable.  One  of 
the  main  conclusions  of  the  study  was  that  such  a  system  would 
not  be  commercially  viable  before  the  year  2000  and,  therefore, 
would  need  to  be  subsidized  directly  or  indirectly  by  the 
Government  on  an  ongoing  basis. 

In  Canada,  the  possibility  of  the  RADARSAT  satellite  system 
being  developed,  built,  operated  and  financed  completely  by  the 
private  sector  on  a  commercial  basis  was  evaluated  in  1986.  It 
was  concluded  that  in  view  of  the  current  foreseeable  state  of 
the  remote  sensing  market,  a  full  commercial  approach  would 
not  be  feasible. 

But  as  the  project  had  been  judged  economically  desirable  for 
the  country,  the  federal  government  decided  to  go  ahead  with 
it  and  to  seek  the  involvement  of  international,  provincial  and 
private  sector  partners  in  its  financing.  On  the  other  hand,  the 
data  distribution  and  marketing  portion  of  the  system  being 
judged  commercially  viable,  it  was  contracted  out  to  a 
Canadian  controlled  consortium,  RSI  International  Inc.,  which 
was  incorporated  in  1988. 

RSI  International  Inc.  was  granted  an  exclusive  license  to 
distribute  and  market  globally  the  RADARSAT  SAR  data  and 
data  products,  with  the  exception  of  data  collected  for  the  use 
of  the  Canadian  and  United  States  Governments  and  for 
approved  scientific  research  as  defined  in  a  Memorandum  of 
Understanding  between  the  two  countries. 

France,  the  United  States  and  Canada  have  now  realized  that 
the  market  for  remote  sensing  information  needs  to  be  further 
developed  and  as  a  consequence,  is  not  yet  ready  to  support  a 
fully  commercially  viable  industry.  Government  support  is  still 
necessary  and  is  economically  justifiable. 

On  hindsight,  past  experience  leads  to  the  two  following 
conclusions: 


(1)  remote  sensing  systems  were  probably  ready  for 
"priv  utizution"  but  not  for  "commercialization".  A  system  can  be 
economically  viable  from  a  public  policy  viewpoint  without 
being  commercially  viable.  The  advantage  of  privatization, 
which  does  not  necessarily  exclude  a  government  subsidy,  is  to 
bring  more  market  and  efficiency  considerations  into  the 
development  and  operation  of  remote  sensing  systems  and 
therefore  improve  the  development  of  commercial  by-products; 


202 


(2)  the  distinctions  between  the  concepts  of  "economically"  and 
"commercially"  viable,  and  "privatization"  and 
"commercialization"  need  to  be  better  understood.  In  the  case 
of  the  satellite  remote  sensing  system,  the  market  is  not 
sufficiently  developed  to  capture,  through  an  appropriate 
pricing  policy,  all  the  economic  benefits  attributed  to  user 
groups.  The  level  of  benefits  vary  from  one  application  to 
another  and,  to  capture  the  consumer  surplus  realized  by  the 
different  user  groups,  in  different  market  segments,  would 
require  the  use  of  a  price  discriminating  policy,  an  approach 
which  may  not  be  permitted  under  existing  USA  laws  and  the 
United  Nations  Open  Skies  policy  principles. 


RADARSAT:  A  Turning  Point  in  the  Operational  and 
Commercial  Use  of  Satellite  Remote  Sensing  Information  data 
Products. 

RADARSAT  had  been  originally  conceived  as  an  end-to-end 
system  to  fulfill  the  needs  for  near  real-time  data  information 
requirements  such  as  ice,  ocean,  coastal  and  environmental 
monitoring.  Since  then,  however,  it  has  been  modified  to  better 
cope  with  land  application  requirements.  In  short,  RADARSAT 
is  a  practical  solution  to  Canada’s  operational  and  regional 
monitoring  requirements  which  call  for  a  reliable  and 
dependable  system  (not  affected  by  cloud  coverage  and 
darkness)  with  fast  turn  around,  frequent  and  timely  repeat 
coverage. 

RADARSAT  is  an  earth  observation  satellite,  carrying  a 
powerful  synthetic  aperture  radar  (SAR)  sensor,  capable  of 
imaging  the  earth  through  cloud  and  darkness.  The  radar  will 
acquire  data  ranging  from  a  fine-resolution  and  narrow-swath 
mode  (10  meters,  50  km)  to  a  lower-resolution  wider  swath 
mode  (100  meters,  500  km  ).  The  standard  mode  will  have  a 
swath  of  100  km  and  a  resolution  of  28  meters. 

RADARSAT  will  transmit  data  from  space  to  earth  receiving 
stations  for  processing  and  transmittal  to  users  in  near-real  time 
via  communication  satellites  such  as  TeleSat’s  Anik. 

;  RADARSAT  will  cover  Canada’s  Northwest  Passage  every  day, 
all  of  Canada  every  three  days  and  all  of  the  world  every  16 
days. 

The  timeliness,  accuracy  and  reliability  of  radar  data  is  a 
distinct  advantage  over  optical  satellite  sensors  in  operational 
and  commercial  use.  It  may  be  true  that  optical  data  from 
LANDSAT  or  SPOT  are  superior  for  many  thematic  mapping 
applications,  but  data  acquisition  is  only  possible  on  clear  days, 
a  major  impediment  to  operational  use  in  many  geographic 
areas  of  the  world. 

In  that  regard,  the  following  statistics  are  self  explanatory: 
between  1986  and  1988  Canada  has  received  and  archived 
245,559  SPOT  images  of  which  only  8.9%  are  completely  cloud 
free  images  and  15.3%  are  called  usable  images  (containing  a 
limited  amount  of  clouds).  After  three  years  of  operation,  there 
are  still  areas  of  Canada  for  which  we  have  not  yet  been  able 
to  obtain  at  least  a  usable  image.  (EMR,  update  1988) 

In  contrast,  RADARSAT  users  can  invest  in  systems  to  exploit 
radar  data  with  the  confidence  that  they  can  depend  on  a 
constant,  accurate  and  predictable  source  of  data  supply.  The 
probability  of  RADARSAT  SAR  being  able  to  image  a  specific 
area  at  a  predictable  date  and  obtain  a  100%  quality  image  is 
100%. 


RADARSAT  is  not  intended  to  replace  the  satellite  borne 
optical  sensors  and/or  the  sensors  available  on  airborne . 
platforms  .  To  the  contrary,  RADARSAT  is  there  to  fulfill 
specific  market  requirements  that  cannot  be  adequately; 
provided  by  other  sensors.  In  many  cases,  RADARSAT  will 
turn  out  to  be  an  excellent  complementary  source  of 
information  to  other  sensors  and,  at  times,  will  be  considered 
a  reliable  "second  best"  solution. 

To  optimize  the  potential  for  operational  use  of  SAR  data, 
several  key  concepts  and  systems  have  emerged  during  the 
RADARSAT  planning  phase.  Several  related  key  decisions 
were  made  prior  to  RADARSAT  being  approved  and,  some  of 
them,  have  already  been  implemented  or  are  currently  being 
implemented.  These  are:  the  Ice  Centre,  the  Crop  Information 
System,  the  Ocean  Information  System  and  the  Geology 
Information  Centre. 

(1)  the  Ice  Centre  located  at  Environment  Canada  is 
responsible  for  monitoring  sea  ice  conditions  in  Canadian 
navigable  waters  and  for  producing  daily  forecast  reports  for 
different  users .  An  Ice  Data  Integration  and  Analysis  System 
(IDIAS)  was  developed  under  contract  by  MDA  to  merge  and 
process  in  near  real-time  different  digital  data  sets  in  support 
of  sea  ice  analysis  and  sea  ice  forecasting  conditions. 

(2)  the  Crop  information  system  was  approved  in  1986  and  is 
currently  being  developed  at  the  Manitoba  Remote  Sensing 
Centre.  This  system  will  have  the  capability  to  merge,  integrate 
and  pre-process  different  satellite  data  sets  in  a  timely  manner 
to  allow  improved  crop  forecasting  accuracy.  This  system  is 
currently  under  development  in  full  cooperation  with  the  end 
users  (Canadian  Wheat  Board,  Statistics  Canada  and  the 
Department  of  Agriculture)  to  ensure  that  the  system  will  meet 
their  operational  requirements. 

(3)  the  Ocean  Information  System  was  approved  in  1987.  Its 
purpose  is  to  allow  access  to  different  ocean  related  data  bases 
and  to  facilitate  the  merging  and  analysis  of  the  information 
through  a  GIS. 

(4)  finally,  the  concept  of  a  Geology  Information  Centre  is 
currently  being  developed.  A  contract  has  been  awarded  to 
assess  the  feasibility  of  merging  and  analyzing,  through  an 
appropriate  information  system  such  as  a  GIS,  different 
geological  related  data  sets. 

In  sum,  RADARSAT  has  the  potential  for  responding  and 
offering  a  solution  to  many  of  the  concerns  and  critics  raised  to 
date  by  users  in  the  market  place:  predictability  of  data,  repeat 
coverage,  quick  turn  around,  accuracy  of  information  and  higher 
spatial  resolution.  The  instrument  will  be  quite  flexible  and 
capable  of  meeting  different  user  information  requirements. 
RADARSATs  electronically  steerable  beam  feature  makes  it 
possible  to  acquire  information  of  the  Earth's  surface  over 
different  swath  widths,  different  incidence  angles  and  different 
spatial  resolutions.  On  any  orbit,  it  can  access  information 
within  a  swath  up  to  800  km  (500  km  nominal)  with  a 
resolution  ranging  from  10  meters  to  100  meters  depending  on 
the  swath  width  selected. 

RADARSAT  APPLICATION  DEVELOPMENT  AND 
INFORMATION  SYSTEMS:  Key  to  Operational  and 
Commercial  Uses  of  the  Satellite  SAR  Data  Information 

Because  RADARSAT  has  not  been  originally  conceived  as  a 
pure  R  &  D  system  but  rather  as  a  (pre)  operational  system,  it 
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is  imperative  that  an  efficient,  selective  and  practical  approach 
to  the  development  of  the  market  for  RADARSAT  data 
products  be  elaborated  and  implemented  to  ensure  both  its 
operational  and  commercial  success  in  Canada  and  abroad. 

Operational  and  cost  effective  end-to-end  systems  need  to  be 
conceived  and  developed  to  respond,  in  a  market  driven 
manner,  to  the  user  needs  and  requirements  for  major  potential 
applications.  Although  significant  steps  have  been  made  in  that 
direction  since  1986  such  as  the  Ice  Centre,  the  Crop 
Information  System  and  the  Ocean  Information  System,  it  is 
important  to  remain  alert  and  focus  on  our  approach  for 
meeting  our  objectives  and  goals  regarding  our  ability  to 
address  properly  user  needs  and  requirements  in  a  cost  effective 
and  timely  manner. 

Between  now  and  the  launch  of  the  satellite  in  1994/1995,  the 
Canadian  remote  sensing  community,  including  Government 
Departments  and  Agencies  (  at  the  Federal  and  Provincial 
levels),  the  private  sector  (RSI  International,  value  added  firms, 
software  and  hardware  suppliers)  and  universities  across 
Canada  will  need  to  work,  in  a  timely,  coordinated  and  effective 
manner,  under  the  leadership  of  the  Canadian  Space  Agency 
and  the  Canada  Centre  for  Remote  Sensing,  to  prepare  users, 
in  various  targeted  market  segments,  for  the  acceptance,  use 
and  integration  of  RADARSAT  information  data  products  to 
their  operations.  The  merits  of  using  the  Canadian  Advisory 
Committee  on  Remote  Sensing  (CACRS)  structure  as  a 
coordinating  framework  should  be  given  serious  consideration. 
Existing  relevant  government  programs  at  the  federal  and 
provincial  levels  such  as  the  Radar  Data  Development  Program 
(RDDP)  of  the  Department  of  Energy  Mines  and  Resources 
(EMR)  need  to  be  reviewed  to  ensure  that  they  are  fully  in 
support  of  RADARSAT.  Furthermore,  maximum  use  should  be 
made  over  the  next  few  years  of  the  SAR  data  availability  from 
the  EMR  Convair  580,  and  the  ERS-1  and  JERS-1  satellites,  to 
identify,  develop  or  fine  tune  cost  effective  SAR  data 
application  in  support  of  RADARSAT  prior  to  its  launch. 
Relevant  pilot  and  convincing  demonstration  projects  in  support 
of  RADARSAT  major  targeted  market  segments  should  be 
conceived  as  soon  as  possible. 

More  specifically,  the  following  considerations  will  need  to  be 
kept  in  mind,  during  the  development  of  RADARSAT  data 
applications,  to  ensure  the  operational  and  commercial  success 
of  RADARSAT: 

(1)  priority  for  development  of  SAR  data  applications  will 
need  to  be  clearly  defined  both  from  an  economic, 
commercial  and  scientific  point  of  view; 

(2)  user  needs  and  operational  requirements  in  the  targeted 
market  segments  will  need  to  be  fully  considered  and 
understood  (alternative  or  current  source  of  information, 
stock  or  flow  type  of  information,  cost,  labour,  reliability, 
frequency,  investment,  systems,  timeliness  etc..); 

(3)  the  usefulness,  value,  advantages  and  cost  effectiveness  of 
the  new  source  of  information  proposed  for  an  operation 
compared  to  an  existing  one  should  be  fully  documented 
(reliability,  quality,  timeliness,  ROI,  pay  back,  cost-benefit, 
cost-effectiveness,  product  differentiation,  references  and 
champion  cases);  and, 


(4)  consideration  as  to  whether  or  not  the  application 
envisaged  would  require  the  use  or  the  development  of  a 
supporting  information  system  such  as  GIS,  or  IDAIS. 

The  state  of  development  of  SAR  applications  is,  in  general, 
except  for  ice  applications,  far  less  advanced  than  that  of  optical 
sensors.  But,  based  on  experience  and  lessons  drawn  from 
Landsat  on  the  need  to  always  keep  the  end  user  in  mind,  it  is 
nevertheless  possible  to  meet  the  challenge  of  developing  timely 
high  quality  RADARSAT  SAR  applications.  However,  this 
challenge  will  require  an  overall  commitment  by  the  Canadian 
remote  sensing  community  at  large.  Scarce  resources  will  need 
to  be  efficiently  coordinated  and  focused  on  the  development 
of  selective  applications  which  fully  meet  end  user 
requirements. 


CONCLUSION 

The  development  of  application  products  and  services  that  fully 
meet  end  user  needs  and  requirements  for  timely,  cost-effective 
and  easily  usable  information  in  the  decision  making  process 
is  the  key  to  the  establishment  of  a  commercially  viable  remote 
sensing  industry. 

RADARSAT  has  the  potential  to  satisfy  adequately  the 
operational  and  commercial  requirements  of  several  end  user 
groups.  This  will  only  be  feasible,  however,  through  a  concerted 
effort,  by  the  remote  sensing  community  at  large,  to  increase 
industry  awareness  and  understanding  of  how  remote  sensing 
can  benefit  industry  information  needs. 
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Abstract 

As  a  result  of  its  all  weather  capability,  RADARSAT  offers  a 
global  imaging  capacity  that  vastly  exceeds  that  of  the  visual 
satellites.  To  ensure  that  this  international  capacity  is  translated 
into  cost  effective  and  timely  products,  the  Canadian  company 
"RadarSat  International"  (RSI)  has  been  formed.  RSI  has  been 
assigned  an  exclusive  international  license  by  the  Canadian  Space 
Agency  (CSA)  to  market  and  distribute  RadarSat  products, 
excluding  data  required  by  the  Governments  of  Canada  and  the 
U.S.  for  their  own  use.  At  present,  RSI  is  organizing  and 
preparing  for  its  marketing,  data  production,  and  distribution 
roles. 

This  paper  describes  the  initial  organization  of  RSI,  and  the 
company's  national  and  international  plans  for  marketing, 
processing,  sale  and  distribution  of  RadarSat  products.  An  initial 
plan  for  the  classes  of  product  which  will  be  available  to  users  is 
given,  and  the  mechanisms  which  will  be  developed  to  allow 
users  to  access  the  RSI  system  are  described. 

Key  Words:  RadarSat,  RSI,  commercialization,  marketing 


1.  INTRODUCTION 

When  Phases  C  and  D  of  the  RadarSat  program  were  approved  in 
June  of  1987,  funding  from  the  Canadian  Government  was 
subject  to  several  conditions.  In  addition  to  finalizing 
relationships  with  Provincial  and  International  partners,  the 
RadarSat  Project  Office  was  required  to  develop  an  agreement 
with  a  private  sector  partner  for  the  marketing  and  distribution  of 
RadarSat  products.  It  was  argued  that  a  partner  with  experience 
in  the  international  remote  sensing  market  could  effectively 
deliver  RadarSat  products  and  services  to  that  market  There  was 
no  suggestion  that  the  RadarSat  Program  be  a  commercial 
program.  That  is,  it  was  never  intended  that  the  initial  capital 
costs  of  developing  and  launching  the  spacecraft  and  the 
on-going  costs  of  operating  the  system  be  recovered  from  the 
sales  of  data,  even  using  the  most  optimistic  sales  forecasts. 
However,  partial  cost  recovery  is  possible.  Therefore,  it  was 
proposed  that  a  private  sector  partner  could  return  some  revenue 
to  the  Government  to  help  offset  the  operational  costs  of  the 
program,  and,  at  the  same  time,  develop  a  viable  international 
business.  Based  upon  these  ideas,  and  the  results  of  competitive 
proposals  from  several  potential  partners,  negotiations  began 
with  the  private  sector.  Over  a  two-year  period,  a  business  plan 
and  agreement  were  developed,  and  the  company  RadarSat 
International  Inc.  (RSI)  was  established.  At  present,  RSI  is 
poised  to  take  a  major  role  in  the  international  space-borne  remote 
sensing  business. 


2.  CORPORATE  ORGANIZATION 

RadarSat  International  is  a  new  Canadian  company,  organized  by 
the  following  Canadian  aerospace  and  remote  sensing 
companies. 

SPAR  AeroSpace  Ltd. 

INTERA  Technologies  Ltd. 

DIGlMlnc. 

MacDonald  Dcttwilcr  and  Associates  Ltd.  (MDA) 

With  SPAR  and  MDA,  this  group  includes  much  of  the  Canadian 
capability  in  space  segment  payload  development  and  ground 
segment  receiver  stations,  processing  and  display  systems. 
INTERA  and  DIGIM  are  the  two  largest  Canadian  remote 
sensing  data  sales  company,  with  extensive  experience  with  radar 
data,  multispcctral  data,  and  value-added  services  and  products. 
These  companies  are  committed  to  contributing  funding,  staff, 
and  experience  to  RSI,  and  to  making  the  company  a  technical 
and  commercial  success. 

The  Memorandum  of  Understanding  between  the  Canadian  Space 
Agency,  NASA  and  NOAA  calls  for  the  identification  of  a  U.S.- 
based  distributor  of  RadarSat  data.  It  is  expected  that  such  a 
distributor  will  be  selected  by  RSI  during  the  pre-launch  period, 
and  that  that  distributor  will  become  a  shareholder  in  RSI.  Other 
partners  may  join  the  RSI  team  during  the  prelaunch  period.  To 
the  extent  that  partners  bring  technology  or  marketing  experience 
that  is  important  to  RSI  business  areas,  they  will  be  welcomed  as 
equity  participants  in  the  company. 


3.  BUSINESS  PLAN 

RSI  will  build  its  business  on  the  rights  granted  in  the 
Memorandum  of  Understanding  between  the  company  and  the 
Canadian  Space  Agency.  These  rights  can  be  summarized  as 
follows: 

-an  exclusive  international  license  to  distribute  and  market 
RadarSat  data  to  all  users,  excluding  the  Canadian  and  U.S. 
governments.  These  governments  have  the  right  to  acquire  data 
for  thetr  own  programs  or  for  research  efforts,  piovideu  tnut  tncy 
do  not  sell  or  distribute  data  to  others. 

-access  to  about  35%  of  the  data  collection  capacity  of  the  satellite 
to  collect  data  for  its  customers. 

-an  exclusive  right  to  process  RadarSat  data  required  by 
Canadian  Government  departments  and  by  other  customers, 
using  existing  Government  processing  facilities  and  the 
company’s  own  systems. 
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•an  exclusive  right  to  produce,  market  and  sell  to  Canadian  users, 
LandSat  and  SPOT  data  collected  by  Canadian  receiver  stations, 
commencing  in  1989. 


FIGURE  2 

RADARSAT  MARKET  BREAKDOWN 


-a  right  to  participate  in  other  Canadian  space-borne  remote 
sensing  missions  and  potential  follow-on  missions  to  RadarSat  to 
the  extent  that  they  can  be  reasonably  commercialized. 

In  return  for  these  rights,  RSI  has  obligations  to  conduct  a 
vigorous  and  effective  international  marketing  campaign,  to 
produce  data  to  meet  market  requirements,  and  to  distribute  da'  t 
products  and  services  according  to  a  policy  of 
non-discrimination.  In  addition,  the  company  will  return  revenue 
to  the  Government  in  proportion  to  the  level  of  data  sales. 

The  success  of  the  RadarSat  program  as  measured  by 
international  sales  of  data  will  be  determined  by  the  perceived 
value  of  the  products,  and  by  competition  from  visual  satellite 
programs  such  as  SPOT  and  LandSat.  These  two  visual  satellite 
programs  3re  both  well  established,  with  international  networks 
of  receiver  stations  and  distributors,  and  with  combined  sales  of 
approximately  $30M  U.S.  during  1988.  The  principal  markets 
for  the  visual  satellites  include  the  monitoring  of  renewable 
resources  such  as  forestry  and  agriculture,  the  geology  market, 
and  the  market  which  requires  maps  and  mapping  products.  For 
example,  Figure  1  shows  recent  sales  of  LandSat  and  SPOT 
products  in  the  Canadian  market.  It  is  interesting  that  the  market 
for  the  visual  satellites  does  not  incluoc  a  significant  element 
associated  with  monitoring  of  surface  events  that  are  rapidly 
changing,  such  as  ice  reconnaissance  and  ocean  surveillance. 
Even  in  the  crop  monitoring  area,  LandSat  and  SPOT  data  is  of 
limited  use,  since  cloud  cover  often  makes  it  impossible  to  collect 
the  imageiy  that  is  required. 
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Since  the  markets  for  radar  and  visual  satellite  data  are  so 
different,  it  is  difficult  to  forecast  the  success  of  RadarSat  based 
on  forecast  utilization  of  visual  satellite  products.  A  more 
realistic  approach  involves  forecasting  the  market  for  RadarSat 
data  using  the  experience  of  the  international  market  for  airborne 
remote  sensing  radar  programs.  Figure  3  shows  the  historical 
commercial  market  for  airborne  radar  programs,  including 
geology,  mapping,  ice  reconnaissance,  and  ocean  surveillance 
markets.  Markets  for  research  data,  and  programs  conducted  by 
national  governments  have  been  excluded  from  this  figure. 
Viewed  in  this  context,  the  RadarSat  program  is  seen  as  a  logical 
extension  and  growth  of  an  existing  market,  rather  than  a  new 
and  untested  market 


FIGURE  i 

LANDSAT/SPOT  MRKT  (CANAOA) 
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FIGURE  3 

INTERNATIONAL  SAR  DATA  SALES 
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Figure  2  provides  an  interesting  contrast  with  the  marke 
segmentation  shown  above.  Here  we  sec  a  forecast  of  the  marke 
tor  RanarSnr  nroHnpfc  Tho  ~ l.  .«  « 

. ,  a  — ***fc  *»»vuu\,43  nave  me  uuvamagt 

with  respect  to  the  visual  products  of  being  available  regardless 
ot  cloud  cover  or  darkness,  hence  will  be  useful  in  market' 
where  routine  monitoring  is  essential.  On  the  other  hand,  the 
visual  satellites  with  their  richer  spectral  content  will  likely  be 
relatively  more  successful  than  radar  in  the  more  traditiona 
remote  sensing  market  areas.  These  figures  suggest  that  users 
will  find  data  from  RadarSat  to  be  complementary,  rather  thar 
competitive  with  data  from  LandSat  and  SPOT. 


The  marketing  strategy  of  RSI  is  based  upon  the  unique  market 
for  radar  data.  During  the  period  before  1993,  an  emphasis  will 
be  placed  upon  establishing  agreements  with  international 
receiver  station  operators.  These  agreements  must  be  in  place 
well  in  advance  of  the  launch  of  the  satellite  to  ensure  that,  after 
launch,  an  efficient  user  interface  is  established,  and  that  data  can 
be  received,  processed  and  distributed  effectively.  During  the 
same  period,  arrangements  will  be  made  with  clients  who  require 
large  volumes  of  data  on  a  regular  basis.  By  making  pre-iauheh 
commitments,  these  clients  will  be  assured  of  access  to  the  data 
they  require.  During  the  two-year  period  before  launch,  a  major 
effort  will  be  made  to  develop  the  market  for  so-called  "off-line" 
data.  This  market  will  include  users  who  require  data  within  a 
period  of  a  few  days  or  longer,  for  such  applications  as 
renewable  and  non-renewable  resource  monitoring  and  mapping. 
The  key  to  success  in  this  market  will  be  to  cooperate  with 
existing  vendors  of  visual  satellite  products.  This  cooperation 
could  involve  the  development  of  a  single  network  of  agents  and 
distributors,  a  common  catalogue,  and  a  common  order  system. 
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It  is  hoped  that  a  system  can  be  developed  whereby  potential 
users  of  RadarSat  data  around  the  globe  can  easily  obtain 
information  about  the  program,  place  their  orders,  and  receive 
their  data,  without  an  unnecessarily  large  investment  in  marketing 
and  infrastructure. 

The  distribution  of  LandSat  and  SPOT  data  in  Canada  in  advance 
of  the  launch  of  RadarSat  requires  special  attention  in  the  RSI 
Business  Plan.  This  function  is  very  important,  as  it  allows  the 
company  to  dt  elop  a  marketing,  data  production,  and 
distribution  system  for  remote  sensing  data  well  in  advance  of  the 
launch  of  RadarSat.  It  is  intended  for  RSI  to  take  over  this 
function  during  1989.  While  the  details  of  this  new  private  sector 
distribution  of  remote  sensing  data  are  not  yet  finalized,  the 
strategic  approach  is  clear.  First,  it  is  the  intent  of  RSI  to 
minimize  any  impact  on  users  associated  with  the  change. 
During  the  transition,  users  will  not  see  significant  changes  in  the 
product  line  or  level  and  type  of  service  currently  available  from 
CCRS.  Second,  RSI  intends  to  make  a  significant  impact  in  the 
area  of  marketing.  During  the  transition,  a  network  of 
distributors  will  be  established  across  Canada,  and  these 
distributors  will  eventually  provide  a  new  and,  hopefully,  more 
efficient  user  interface.  Finally,  using  the  distributors  and  a 
vigorous  marketing  effort,  it  is  anticipated  that  sales  of  remote 
sensing  products  can  be  significantly  enhanced.  The  company 
intends  to  use  the  existing  CCRS  production  facility  at  Prince 
Albert  to  meet  market  requirements  initially.  As  the  market 
develops  and  as  the  product  line  evolves,  this  facility  will  be 
upgraded  as  required.  Eventually,  with  the  launch  of  RadarSat,  it 
is  expected  that  a  fully  integrated  production,  marketing  and 
distribution  system  will  be  used  to  service  the  needs  of  users  for 
all  types  of  remote  sensing  data  in  the  country. 


4.  RADARSAT  PRODUCTS  AND  SERVICES 

The  details  of  the  products  and  services  which  will  be  available  to 
users  from  the  RadarSat  mission  are  currently  being  planned. 
For  instance,  RSI  intends  to  conduct  a  User  Requirements  Study 
starting  in  1989  and  continuing  until  preliminary  results  are 
available  from  ERS-1.  The  intent  of  this  study  will  be  to  define 
the  types  of  products  required  by  the  market,  and  issues 
involving  the  timing  of  delivery  of  these  products.  Based  upon 
the  results  of  this  work,  the  specifications  will  be  set  for  the 
upgrades  to  the  ERS-1  processor  required  for  RadarSat . 

Perhaps  the  simplest  way  to  segment  the  products  which  will  be 
available  from  RadarSat  is  to  divide  them  into  "on-line"  products 
and  "off-line"  products.  "On-line"  refers  to  products  required 
for  near  real-time  monitoring  applications,  such  as  ice 
reconnaissance  and  ocean  surveillance.  These  products  will  be 
ordered  in  bulk  by  large  volume  users,  and  will  be  rapidly 
processed  and  delivered  by  communication  systems.  For 
Canadian  non-Govemment  users  of  ice  reconnaissance  data, 
requirements  for  on-line  data  will  most  likely  be  integrated  with 
AES  data  requirements.  It  is  expected  that  AES  will  request 
acquisition  and  processing  of  most  passes  covering  Canadian  ice 
covered  waters.  These  data  will  be  processed  and  communicated 
to  the  AES  IDIAS  system  within  hours  of  collection.  Rather  than 
reprocess  data  for  non-AES  users,  a  system  will  be  established 
whereby  users  acquire  data  from  the  AES  archive  on  a 
commercial  basis.  International  users  will,  in  most  cases,  be 
served  from  their  local  receiver  station.  Where  there  is  a 
significant  on-line  market,  these  stations  will  be  capable  of 
meeting  the  demand  on  a  commercial  basis. 

Users  can  expect  the  availability  of  "off-line"  products  to  be 
rather  similar  to  current  practices  of  LandSat  and  SPOT.  In 
comparison  to  SPOT,  RadarSat  has  even  more  flexibility  in 
imaging  geometry  and  product  resolution  Hence,  users  will 
have  a  choice  of  selecting  the  coverage  specifically  required  for 
their  application.  A  range  of  processing  parameters  will  also  be 
available.  At  least  the  following  products  will  be  available: 


SGF  :  SAR  geo-referenced  fine  resolution- products, 
generated  in  swath  section  units. 

SGC  :  SAR  geo-refercnced  coarse  resolution  products, 
generated  from  SGFs  in  swath  section  units. 

SSG  -  SAR  systematically  geocoded  products,  generated 
for  user  specified  scenes. 

SPG  :  SAR  precision  geocoded  products,  generated  for 
user  specified  scenes. 

The  pricing  policy  for  RadarSat  products  will  be  based  upon 
market  conditions  for  remote  sensing  products  in  the  mid-1990's. 
Significant  discounts  will  be  offered  to  large  volume  on-line 
users,  to  ensure  that  RadarSat  products  are  price-competitive  with 
more  traditional  means  of  acquiring  surveillance  information. 
Off-line  users  will  find  RadarSat  products  to  be  available  on  a 
"Guaranteed  delivery"  basis  at  a  price  that  is  competitive  with 
other  satellite  products.  The  intent  of  this  policy  is  to  establish  a 
large  and  dedicated  market  which  will  support  follow-on  radar 
satellite  missions. 

RSI  intends  to  establish  a  close  and  cooperative  relationship  with 
the  international  value-added  industry.  Value-added  companies 
producing  maps,  forecasts,  interpretations  and  other  higher  level 
products  are  considered  to  be  part  of  the  marketing  function. 
They  will  have  a  greater  ability  to  service  local  markets  for  all 
types  of  RadarSat  products  than  RSI  itself.  Therefore,  these 
companies  will  be  supported  with  marketing  and  development 
efforts.  More  important,  RSI  will  refrain  from  offering 
value-added  products  in  competition  with  the  rest  of  the  industry. 


5.  SUMMARY 

The  decision  of  the  Government  of  Canada  to  involve  the  private 
sector  in  the  marketing,  production  and  distribution  of 
space-bomc  remote  sensing  data  is  an  important  one  which  will 
affect  this  area  of  technology  dramatically  for  many  years. 
Within  Canada,  all  of  the  "stake-holders"  in  remote  sensing  will 
see  changes.  Starting  with  the  LandSat  and  SPOT  data  streams, 
and  continuing  with  RadarSat,  users  will  notice  a  change  in  the 
marketing  and  delivery  of  products.  Whether  they  deal  with  a 
local  distributor  or  with  RSI,  they  will  deal  with  a  party  with  a 
commercial  interest  in  their  application.  The  value-added 
industry,  and  hardware  and  software  vendors  will  benefit  from 
the  presence  of  RSI.  RSI  will  use  value-added  companies  as  part 
of  the  marketing  organization,  thereby  enhancing  their  ability  to 
win  projects  both  nationally  and  internationally.  The  impact  on 
equipment  vendors  will  be  based  upon  initial  sales  to  Canadian 
clients  followed  by  access  on  a  preferred  basis  to  the  international 
market.  Canadian  companies  which  have  historically  enjoyed 
success  in  this  market  will  find  new  markets  for  reception, 
processing,  distribution,  intcipretation  and  analysis  hardware  and 
software  as  a  result  of  the  RadarSat  program.  Finally,  the 
Government  of  Canada  will  be  affected.  Direct  commercial 
feedback  will  be  available  on  the  value  of  different  areas  of 
remote  sensing  technology;  this  can  be  used  to  guide  internal 
research  and  development.  Equally  important,  a  revenue  stream 
will  be  returned  to  the  Government  in  proportion  to  the  sales  of 
RSI  to  help  off-set  the  operating  costs  of  the  RadarSat  mission, 
and  other  remote  sensing  activities.  While  this  revenue  stream  is 
a  small  portion  of  the  total  cost  of  the  space  and  ground  segments 
of  RadarSat,  it  is  expected  to  grow  as  remote  sensing  fiotii  space 
becomes  more  commercially  viable. 

If  RSI  is  to  succeed,  it  is  essential  that  the  stake-holders 
mentioned  above  maintain  the  proper  perspective  of  the 
commercial  viability,  or  rather  the  lack  of  commercial  viability,  of 
remote  sensing  from  space.  As  noted  earlier,  RadarSat  is  not  a 
commercial  program,  in  the  sense  that  it  is  not  intended  to  recover 
all  costs  from  the  commercial  sales  of  data.  The  relationship 
between  RSI  and  the  Canadian  Space  Agency  (CSA)  reflects  this 
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reality.  As  the  major  partner,  the  CSA  maintains  control  of  the 
design,  launch  and  operation  of  RadarSat,  as  well  as  the 
reception,  archiving  and  cataloging  of  the  data  collected.  In 
addition,  through  the  Canada  Centre  for  Remote  Sensing, 
product  development  and  application  development  research  is 
funded  and  conducted.  RSI,  through  its  contribution  of  less  than 
5%  of  the  total  program  costs,  is  a  minor  partner  involved  in  the 
activities  described  above.  RSI  will  only  succeed  if  a  strong 
partnership  with  the  Government  can  be  established.  This 
partnership  must  involve  an  RSI  role  in  research  and 
development  of  RadarSat  applications,  to  ensure  that  products 
can  be  developed  that  are  suited  to  the  international  market. 
Further,  it  must  include  an  RSI  role  in  ground  segment  activities 
associated  with  tasking  the  system,  and  with  reception, 
cataloging  and  archiving  to  ensure  that  RSI  has  the  expertise 
necessary  for  its  international  marketing  activities.  This 
partnership,  currently  being  negotiated  with  the  CSA,  will  further 
enhance  Canada's  role  as  a  major  member  in  the  international 
remote  sensing  community. 
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ABSTRACT 

For  most  agricultural  monitoring  applications 
timeliness  Is  by  far  the  most  Important  data 
characteristic.  Landsat  has  proven  to  be  Inadequate 
for  this  task  with  Its  16-day  repeat  cycle  and 
vulnerability  to  cloud  cover.  Within  Western  Canada, 
where  the  time  from  crop  emergence  to  harvest  Is 
typically  of  the  order  of  2  months,  even  a  16-day 
repeat  cycle  is  marginal  for  any  crop  condition 
monitoring  role.  A  satellite-borne  synthetic  aperture 
radar  (SAR),  with  Its  all  weather  capability,  holds 
great  promise  to  meet  this  frequent  data  requirement. 
The  proposed  Radarsat  SAR,  In  addition  to  having  this 
all-weather  capability,  has  also  several  Important 
Imaging  parameters  which  greatly  enhance  the  potential 
for  using  this  sensor  within  agricultural 
applications.  This  paper  will  Identify  these  features 
alone  with  some  examples  of  the  significance. 

Keywords:  Radar,  Agriculture,  SAR,  RADARSAT 


INTRODUCTION 

Through  the  Radar  Data  Development  Program  (RDDP), 
within  Canada,  the  national  research  and  development 
efforts  into  the  use  of  microwave  Imagery  for  the 
different  application  areas  Is  coordinated.  These 
different  application  areas  Include  Ice,  Oceans,  Non- 
Renewable  Resources  and  Renewable  Resources.  This 
paper  will  deal  primarily  with  the  use  of  synthetic 
aperture  radar  (SAR)  Imagery  within  Renewable  Resource 
applications  development  and,  In  particular,  within 
agriculture. 

There  are  four  distinct  agricultural  applications 
areas  which  are: 

a.  Landuse  Identification  Including  crop  type  and  area 
estimation 

b.  Vegetation  vigour  estimation  which  Includes  crop 
and  forage  yield  prediction. 

c.  Landuse  change  monitoring  which  Includes  monitoring 
marginal  landuse,  soil  conservation  practices, 


changes  In  Irrigation  practices,  etc. 

d.  Characterization  of  catastrophic  events  such  as 
floods,  tornadoes,  hall  storms,  etc. 

This  paper  will  address  how  radar  data  and,  In 
particular,  Radarsat  Imagery  may  be  used  to  meet  the 
functional  requirements  Identified  above. 

Through  the  RDDP  our  research  program  Is  a 
cooperative  effort  Involving  universities,  government 
agencies  and  Industry  which  Include  the  University  of 
Sherbrooke,  Laval  University,  University  of  Guelph, 
University  of  Waterloo,  University  of  Saskatchewan, 
the  College  of  Geographic  Sciences,  the  Ontario  Centre 
for  Remote  Sensing,  the  Manitoba  Centre  for  Remote 
Sensing,  the  Canada  Centre  for  Remote  Sensing, 
Agriculture  Canada,  Statistics  Canada,  the  Prairie 
Farm  Rehabilitation  Administration,  the  Canadian  Wheat 
Board,  Intera  Technologies  Ltd.,  Terrain  Resources 
Inc.,  Ducks  Unlimited  Canada,  and  the  Saskatchewan 
Research  Council.  Each  of  these  agencies  Is  looking 
at  specific  aspects  of  how  to  use  SAR  Imagery  In 
agriculture  so  that  Radarsat  data  can  be  used 
effectively  when  these  data  become  available  In  the 
mid  1990’s.  Presently,  the  research  program  uses  a 
combination  of  data  from  a  ground-based  scatterometer 
facility,  which  Is  operated  by  the  University  of 
Saskatchewan,  and  from  the  CCRS  airborne  SAR  and 
scatterometers.  These  will  be  followed  up  by  an 
analysis  of  data  from  the  European  Space  Agency  (ESA) 
Earth  Resources  Satellite  (ERS-1),  Japanese  Earth 
Resources  Satellite  (JERS-1),  the  Shuttle  Imaging 
Radar  (SIR-C).  Hence,  by  the  time  Radarsat  Is 
launched  In  1994  we  will  know  the  capabilities  of  SAR 
for  agricultural  application  and  will  be  able  to  use 
the  Imagery  from  this  satellite  for  resource 
management.  Figure  1  lists  the  satellite  SAR’s  which 
will  be  available  In  the  next  decade  along  with  the 
expected  launch  dates  and  sensorXsatelllte 
characteristics.  It  can  be  seen  from  this  table  that 
there  will  be  a  large  number  of  different  SAP.  sensors 
In  space  during  the  next  decade.  This  Is  vital  for 
applications  development,  since  any  operational 
program  using  remotely  sensed  data,  needs  data 
continuity. 
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RATIONALE  FOR  RAOARSAT  DATA 

In  most  agricultural  application  timeliness  Is  an 
Important  and  driving  data  characteristic. 
Consequently,  SAR  sensors,  which  have  the  capability 
to  Image  under  virtually  any  atmospheric  conditions, 
offer  the  potential  to  play  a  major  role  In  the  remote 
sensing  of  vegetation.  Visible  and  near  Infrared 
(VIR)  Imagery  has  been  shown  to  provide  good 
Information  for  many  applications  but  these  sensors 
are  restricted  In  their  utility  because  it  Is 
necessary  that  cloud-free  conditions  exist  at  the  time 
of  data  acquisition.  Consequently,  the  Landsat 
Multlspectral  Scanner  (MSS)  and  Thematic  Mapper  (TM) 
have  not  been  used  extensively  in  monitoring 
applications  because  of  the  uncertainly  of  data,  which 
Is  unacceptable  within  operational  programs.  One 
notable  exception,  in  this  VIR  wavelength  region,  is 
the  use  of  AVHRR  data  for  large  area  vegetation 
condition  assessment.  This  sensor,  with  a  swath  width 
of  approximately  2500  km,  can  Image  any  agriculturally 
significant  area  of  the  earth  dally.  Hence  It  is 
possible  to  overcome  the  cloud  problems  with  this 
frequency  of  coverage  coupled  with  processing 
procedures  to  generate  multi-date  composite  Images 
which  have  been  partially  corrected  for  atmospheric 
effects  (Holben,  1986).  It  is  perceived  that  an 
agricultural  monitoring  system,  using  remotely  sensed 
data  would  use  a  combination  of  imagery  from  VIR  and 
SAR  sonsors  at  low  and  high  resolution.  For  example, 
the  low  resolution  AVHRR  Imagery,  along  with  other 
data  such  as  meteorological  and  field  reports,  could 
be  used  to  Identify  those  areas  where  there  may  be  a 
problem.  The  higher  resolution  SAR  or  VIR  would  then 
be  used  to  look  at  the  areas  of  concern  In  more 
detail.  In  some  cases,  however,  the  SAR  has  a  unique 
role  to  play  which  cannot  be  fulfilled  using  VIR 
Imagery.  For  example,  In  the  estimation  of  soil 
moisture  (an  Input  to  crop  yield  models)  the  SAR  can 
play  a  major  role,  In  particular,  It  Is  felt  that  the 
Scansar  mode  of  Radarsat  will  be  of  great  value  In  the 
estimation  of  soil  moisture  over  a  large  area. 

One  important  aspect  of  the  use  of  remotely  sensed 
data  Is  often  overlooked.  That  Is,  a  system  to 
preprocess  the  raw  Imagery,  to  correct  for  radiometric 
and  geometric  distortions,  and  to  make  these  data 
available  to  the  user  agencies  In  a  timely  fashion. 
This  has  been  addressed  already  and  a  remote  sensing 
Crop  Information  System  has  been  installed  at  the 
Manitoba  Remote  Sensing  Centre  as  a  joint  project 
between  CCRS  (federal  government)  and  the  provincial 
Department  of  Natural  Resources.  Presently  this 
system  Is  using  primarily  data  from  the  AVHRR  sensor 
but  has  been  designed  to  handle  SAR  Imagery  when  these 
become  available  and  to  Integrate  the  SAR  and  VIR  data 
sets. 

The  ensuing  sections  will  present  some  of  the 
results  from  the  current  research  programs  and 
Illustrate  the  capabilities  of  Radarsat  SAR  for 
agricultural  applications. 

RADARSAT  CHARACTERISTICS  AND  APPLICATION  AREAS 

Radarsat  will  be  in  a  792  km  high,  dawn-dusk  polar 
orbit.  The  SAR  sensor  (C-band,  horizontal 
polarization  transmit  and  receive)  has  five  main 
operational  modes  which  are  given  In  Table  2.  One 
Important  feature  of  Radarsat  Is  the  500  km 
accessibility  swath.  In  the  Standard  Mapping  mode, 
with  a  spatial  resolution  of  28  m,  data  may  be 
collected  over  a  range  of  Incidence  angles  from  20  to 


49  degrees.  Actually,  If  the  Experimental  Beam  mode 
is  Included  data  may  be  collected  to  Incidence  angles 
of  55  to  60  degrees.  Thus,  for  applications  areas 
where  changes  in  Incidence  angles  do  not  have  an 
Important  effect  upon  the  Information  content  of  the 
Imagery,  data  may  be  acquired  of  an  area  of  Interest 
virtually  when  requested.  For  example,  these  data 
could  be  used  for  land  use  Identification  and  area 
estimation.  At  C-band,  crop  type  determination  is 
relatively  Insensitive  to  Incidence  angle  and  hence 
for  this  application  data  could  be  collected  over  the 
full  extent  of  the  500  plus  accessibility  swath. 

Not  only  can  these  data  be  acquired  regardless  of 
atmospheric  conditions,  but  for  some  applications,  SAR 
data  acquired  earlier  than  would  be  the  case  for  VIR 
data  can  be  used.  For  example,  canola  can  be  reliably 
separated  from  the  grains  using  SAR  Imagery  about 
three  weeks  before  It  Is  possible  using  Landsat  MSS 
VIR  imagery  (Brown  et  al.,  1984).  We  expect  similar 
results  for  the  Identification  of  potatoes.  This  is 
presently  under  Investigation  by  one  of  the  members  of 
our  cooperative  research  group.  The  ESA  ERS-1  sensor 
will  provide  some  useful  Information  on  the  utility  of 
SAR  data,  acquired  at  small  Incidence  angles  for  crop 
Identification  The  effect  of  Incidence  angle  on  crop 
type  determination  Is  very  difficult  to  assess  using 
aircraft  data  because  of  the  rapid  change  of  this 
parameter  with  ground  range  on  these  data.  The  only 
good  satellite  SAR  data  that  can  be  used  to  assess  the 
incidence  angle  effect  was  acquired  with  SEASAT 
(Incidence  angle  =  23  degrees)  but  this  sensor 
operated  at  L-band  which  Is  a  wavelength  about  3  times 
greater  than  the  5.66  cm  wavelength  of  Radarsat.  At 
the  longer  L-band,  there  will  be  more  penetration  of 
the  vegetation  canopy  and  consequently,  depending  upon 
the  vegetation  density,  the  SAR  will  be  measuring  a 
combination  of  radar  backscatter  from  the  vegetation 
surface,  soil  surface  and  vegetation  structure  between 
the  soil  and  the  top  of  the  plants.  Hence  these  data 
are  not  a  good  Indicator  of  the  expected  performance 
of  Radarsat. 

The  Scansar  and  Wide  Swath  modes,  with  reduced 
spatial  resolutions  of  35,  50  or  100  m,  should  be 
ideal  for  large  area  soil  moisture  estimation.  Dobson 
and  Ulaby  (1986)  have  reported  that  the  radar 
backscatter  is  most  sensitive  to  soil  moisture  at 
Incidence  angles  between  10  and  20  degrees  and  at  C- 
band.  We  have  found,  using  aircraft  data,  that  at  C- 
band  that  there  Is  substantial  sensitivity  of  the 
radar  backscatter  to  soil  moisture  at  Incidence  angles 
of  45  to  60  degrees.  For  example,  we  have  Imaged  two 
adjacent  fields  that  have  recently  been  planted  to 
potatoes  and  had  not  emerged  yet.  One  of  the  fields 
had  been  Irrigated  while  the  other  had  not.  The  radar 
backscatter  from  the  two  fields  was  substantially 
different.  The  one  with  the  greater  soil  moisture  had 
a  substantially  larger  value  of  the  radar  backscatter. 
It  should  be  noted  that,  at  C-band,  the  SAR  Is 
essentially  responding  to  the  soil  moisture  In  the  top 
5  cm  of  soil.  Thus,  there  is  a  need  to  develop  the 
n'odsls  to  relate  these  surface  jnolsture  values  to 
moisture  at  the  root  zone  In  order  to  use  these  data 
in  yield  models.  In  other  cases,  It  Is  exactly  the 
surface  moisture  that  Is  required.  For  example,  to 
determine  whether  there  Is  sufficient  moisture  for 
emergence  and  the  beginning  of  crop  development  the 
surface  soil  moisture  is  required.  Part  of  our 
research  program  is  examining  the  quantitative 
relationship  between  radar  backscatter  and  soil 
moisture  and  assessing  the  contribution  of  surface 
roughness  to  the  radar  backscatter  magnitude.  This  is 
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being  done  using  a  combination  of  the  ground-based 
scatterometer  facility,  to  get  a  precise  relationship 
between  radar  backscatter  and  surface  parameters,  and 
airborne  SAR  to  extend  the  analysis  over  a  larger 
region  (Pultz  et  al.,  1989). 

It  may  be  possible  to  also  use  the  Scansar  data  to 
monitor  vegetation  condition  over  large  areas  to 
complement  that  information  supplied  by  the  AVHRR 
sensor.  It  has  been  shown  that  there  Is  a 
relationship  between  the  radar  backscatter  and  leaf 
area  Index  (Ulaby  et  al . , 1984,  Le  Toan  et  al.,1986). 
We  are  continuing  work  In  this  area,  also  with  the 
ground-based  scatterometer  and  airborne  SAR  to  extend 
these  measurements  to  other  areas,  crop  types  and  soil 
conditions  and  are  confident  that  SAR  may  be  used  In 
the  future  to  assess  vegetation  condition.  Another 
approach  which  is  being  pursued  Is  to  relate  texture 
to  vegetation  conditions.  We  have  found  substantial 
different  textural  Information  in  fields  of  different 
vegetation  condition. 

The  SAR,  operating  In  either  the  Standard  Mapping 
or  Fine  Resolution  modes  could  be  used  to  monitor 
catastrophic  events  such  as  floods.  The  actual  mode 
of  operation  would  depend  upon  the  spatial  resolution 
requirements.  SAR  imagery  is  by  far  the  best  data 
source  for  this  purpose  because  of  the  certainty  of 
acquiring  the  data.  Normally,  In  such  situations 
Imagery  Is  required  as  soon  as  possible  after  a 
happening.  Considering  the  500-600  km  accessibility 
swath  most  areas  within  Canada  can  be  Imaged  within 
two  days  and  in  the  worst  case  within  three  days. 

CONCLUSIONS 

The  multiple  modes  of  operation  of  the  Radarsat 
sensor  suggests  that  this  SAR  will  be  the  most  useful 
satellite  SAR  to  date  for  many  applications.  The 
capability  of  acquiring  data  at  resolutions  from  7  to 
100  m  and  over  swath  widths  from  40  to  500  km  covers 
application  area  from  large  area  monitoring  to 
detailed  examination  of  small  areas. 
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Table  1:  Past  and  Future  SAR  Sensors  In  Space 


Satellite/ 

Sensor 

Launch 

Date 

Freq./ 

Pol. 

Incld/ 

Angles 

(degrees) 

Reso1 

(m) 

n  Swath 
Width 
(km) 

SEASAT 

1978 

LHH 

23 

25 

100 

SIR-A 

1981 

LHH 

50 

40 

50 

SIR-B 

1984 

LHH 

15-60 

17-58  20-40 

ESA  ERS-1 

1990 

CVV 

23 

30 

99 

JERS-1 

1992 

LHH 

35 

18 

75 

SIR-C 

1992/ 

1993 

X.L.C 
(Quad  Pol) 

15-55 

10-60*  15-90* 

RADARSAT 

1994 

CHH 

20-60 

10-100*  50-500* 

EOS 

1996, 

1998 

X.L.C 

(Multiple 

Pol) 

15-55 

25-500*  50-700* 

ESA  ERS-2 

1990’ s 
(Late) 

;  CVV 

l 

23 

30 

99 

♦depending  on  mode 

Table  2:  Radarsat  SAR  Modes 

Mode 

Resolution 

(Looks) 

Swath 

Width 

Incidence 

Angle 

Range 

Standard 

Mapping 

28  m 

(4  looks) 

100  km 

20-49 

Wide  Swath 

35  m 

(4  looks) 

150  km 

20-49 

Scansar 

100  m 
50  m 

(7  looks) 
(4  looks) 

500  km 
300  km 

20-49 

20-39 

Fine  Res. 

10  m 

(1  look) 

50  km 

20-49 

LA^OI  IlirpHWUl 

oo  ** 

(4  leeks) 

100  km 

ag-60 
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ABSTRACT 


As  developments  have  occurred  in  the  use  ot  remote  sensing 
information  for  ice  surveillance,  they  have  been  incorporated 
into  the  ice  information  system  at  the  Ice  Centre,  Environment 
Canada  < I C EC 1 .  The  key  to  effective  use  of  remote  sensing  data 
is  its  integration  into  a  complete  ice  information  system.  The 
Synthetic  Aperture  Radar  (SAR)-data  to  be  provided  by  RADARSAT 
will  provide  one  of  the  key  sources  of  satellite  ice  surveillance 
data  to  the  ICEC.  This  data,  along  with  other  information 
sources,  will  be  incorporated  into  the  Ice  Data  Integration  and 
Analysis  System  (IDIAS),  and  will  be  used  to  prepare  the  ic^ 
analyses  and  to  initialise  and  update  ice  forecast  models. 
Algorithms  designed  specifically  for  the  extraction  of  ice 
information  from  remote  sensing  data  will  provide  guidance 
products  for  the  forecasters  to  be  used  in  preparation  of  the 
ice  information  products. 

The  ICEC  currently  uses  both  satellite  and  aircraft  remote 
sensing  data  to  help  create  their  ice  information  products.  As 
th>..  capabilities  of  the  sensors  and  platforms  have  evolved,  the 
ICEC  has  commissioned  the  development  and  use  of  new  data 
collection  systems,  and  the  development,  testing,  and 
implementation  of  expanded  ice  information  systems  such  as  IDIAS 
and  the  Berg  Analysis  and  Prediction  System  (BAPS). 

In  conjunction  with  these  advances  at  ICEC,  the  Canada  Centre  for 
Remote  Sensing,  as  part  of  the  Radar  Data  Development  Program, 
has  been  working  on  algorithm  development  specifically  related  to 
the  use  of  SAR  data  in  preparation  for  the  launch  of  RADARSAT. 
This  includes  the  development  of  ice  classification  routines,  an 
ice  velocity  extraction  algorithm,  and  the  merging  of  SAR  data 
with  ancillary  data  sources  to  facilitate  the  incorporat i on  of 
remote  sensing  information  into  ice  models. 


In  addition  to  the  increased  volume  of  ice  surveillance 
information  which  RADARSAT  will  provide,  the  use  of  this 
operational  opaceborne  SAR  information  with  routine  aircraft  ice 
reconnaissance  and  ice  models  has  the  potential  to  provide 
significant  statistics  on  ice  processes.  This  will  form  an 
integral  part  of  an  Arctic  Environmental  Data  Base  for 
climatological  monitoring. 

This  paper  describes  the  nature  of  the  expanded  ice  service  to 
be  ready  for  use  with  satellite  SAR  data  and  delineates  the 
algorithms  currently  under  development  in  support  of  this 
system.  It  then  describes  the  benefits  to  be  derived  from  the 
incorporation  of  RADARSAT  data  into  the  IDIAS  system  and  the 
upgrades  necessary  to  accommodate  the  increased  data  volume, 
including  a  description  of  the  improved  products  which  are 
currently  envisioned.  Finally,  the  paper  will  present  ideas  for 
the  generation  of  ice  climatological  information  as  part  of  the 
routine  data  analysis  and  information  extraction  function. 

hoy  Words:  Radar,  SAR,  Ice,  Information  Systems,  satellite  remote 
sensing. 
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THE  RADARSAT  SYSTEM 


Spar  Aerospace  Limited, 

SUMMARY 

RADARSAT  is  a  Canadian- led  cooperative  program 
with  the  USA  to  launch  and  operate  a  remote  sensing 
satellite  with  a  Synthetic  Aperture  Radar  (SAR).  The 
spacecraft  is  scheduled  for  launch  into  a  sun- 
synchronous  dawn-dusk  polar  orbit  in  1994  on  an 
expendable  launch  vehicle  for  a  five  year  mission. 

The  orbit  altitude  and  inclination  are  792  km  and 
98.5*  respectively. 

The  right-looking  SAR,  with  the  unique  ability 
to  shape  and  steer  the  radar  beam  over  an  800  km 
accessibility  swath  will  provide  daily  Arctic 
coverage,  three  day  coverage  of  the  Canadian  land 
mass,  and  16  day  coverage  of  the  globe.  A  wide 
variety  of  swath  widths,  incidence  angles  and 
resolutions  can  be  selected.  The  SAR  can  also  bo 
oriented  to  the  left  of  the  flight  path  to  enable 
coverage  of  central  Antarctica. 

The  objective  of  the  RADARSAT  program  is  to 
generate  data  of  both  applications  and  research  value 
related  to  global  ice,  oceans,  renewable  resources  and 
non-renewable  resources. 

The  expendable  launch  vehicle  will  be  of  the 
medium  class  in  NASA  terminology.  The  spacecraft  will 
have  an  ability  to  store  the  instrument  data  which  can 
later  be  transmitted  to  an  appropriate  data 
acquisition  station,  thus  ensuring  global  coverage. 

1.0  INTRODUCTION 

RADARSAT  will  be  the  first  radar-equipped  multi 
purpose  remote  sensing  spacecraft  designed  with  both 
the  research  and  operational  user  in  mind.  The  SAR 
swath,  side-looking  to  the  right  of  the  satellite's 
path,  can  be  electronically  altered  in  width  and 
spatial  resolution  to  suit  particular  applications. 

By  combining  two  co- located  images  taken  with 
different  incidence  angles,  stereoscopic  data  sets  can 
be  made. 

These  multiple  modes  of  operation  offer,  at  one 
extreme,  a  high  resolution  beam  of  45  km  width  and,  at 
the  other,  a  lower  resolution  500  km  swath.  The 
latter,  termed  the  SCANSAR  mode,  provides  the  unique 
ability  to  cover  nearly  the  entire  Arctic,  from  70° 
latitude  to  the  North  Pole,  every  day.  The  cumulative 
coverage  in  a  three -day  period  enables  total  access  to 
anywhere  on  the  globe  north  of  48*N  or  south  of  48*S. 


Anne-de-Bellevue,  Quebec 

Recently  approved  by  the  Canadian  Government, 
the  project  will  go  forward  as  an  international 
endeavour,  with  the  United  States  providing  the  launch 
on  a  NASA  medium  class  vehicle.  There  is  also  a 
partnership  between  federal  and  provincial  governments 
with  contributions  from  British  Columbia, 

Saskatchewan,  Ontario  and  Quebec.  All  the  Canadian 
provinces  will,  however,  participate  through  making 
use  of  RADARSAT’ s  data.  A  group  of  Canadian  and  US 
companies  is  forming  a  consortium  called  RSI  as  a  data 
marketing  and  distribution  company. 

With  its  launch  in  1994,  the  satellite's  five- 
year  design  life  is  timed  to  follow  the  earlier  ERS-1 
and  JERS  programs  1 ,  2  and  to  precede  the  flight  of  a 
SAR  on  the  NASA  and  ESA  polar  orbiting  platforms. 

2.0  MISSION  CONCEPT 

The  current  mission  plan  is  to  locate  receiving 
stations  at  Fairbanks  (Alaska),  Prince  Albert 
(Saskatchewan) ,  and  Gatineau  (Quebec) ,  with  the 
mission  control  centre  and  main  data  processing  and 
distribution  centre  in  the  Ottawa  area.  The  ANIK 
communication  satellites  will  be  used  for  a  high  data 
rate  back  haul  from  the  remote  ground  stations  to  the 
Ottawa  centre.  ANIK  will  serve  also  to  forward  the 
processed  and  Interpreted  imagery  to  the  end  user. 

For  applications  such  as  Arctic  ice  or  sea  conditions, 
where  the  data  are  urgently  needed,  the  time  interval 
between  satellite  overflight  and  transmission  of  the 
finished  product  to  the  user  will  be  of  the  order  of 
four  hours. 

A  unique  capability  of  the  satellite  is  to  swing 
the  SAR  beam  from  the  right  side  to  the  left  side  of 
the  flight  path  by  a  yaw  manoeuvre  of  the  spacecraft. 
The  particular  objective  here  is  to  provide  complete 
coverage  of  the  Central  Antarctic  land  mass  which 
would  otherwise  be  inaccessible.  This  coverage  will 
be  obtained  once  during  maximum  ice  conditions  and 
once  at  minimum  conditions. 

The  baseline  orbit  of  RaDaRSAT  is  sun- 
synchronous  at  792  km  altitude  with  98.5*  inclination, 
and  an  ascending  node  of  1800  hrs.  This  is  designed 
such  that  the  SAR  can  provide  the  daily  and  cumulative 
three-day  coverage  as  noted  above  and  also  has  a  16- 
day  global  repeat  cycle.  The  latter  will  provide  SAR 
access  to  anywhere  on  the  globe  at  least  every  16 
days.  The  coverage  by  the  500  km  SCANSAR  swath  for 
one  day  and  three  days  is  illustrated  in  Figure  1.  A 
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(a)  1  DAY  COVERAGE  and 


FIGURE  1. 


(b)  3  DAY  COVERAGE 


high  data  rate  tape  recorder  will  be  used  to  recover 
data  from  regions  remote  from  the  data  acquisition 
stations . 

The  Canadian  data  acquisition,  processing  and 
distribution  systems  are  expected  to  be  based  on  those 
developed  for  ERS-1.  Thus  the  RADARSAT  program  will 
benefit  from  experience  gained  during  this  and  other 
preceding  missions. 

3.0  SYNTHETIC  APERTURE  RADAR  (SAR) 

CHARACTERISTICS 

The  synthetic  aperture  radar  (SAR),  will  operate 
at  C-band  (5.3  GHz)  in  a  variety  of  commandable  strip 
mapping  modes,  illuminating  a  swath  to  the  right  of 
the  spacecraft  nadir  track.  Operation  of  the  SAR 
sensor  will  be  allowed  for  a  maximum  of  28  min  during 
each  101  min  orbit.  Capability  will  also  be  provided 
to  record  and  store  15  rain  per  orbit  of  SAR  data 
aboard  the  spacecraft  when  it  is  not  within  viow  of  a 
receiving  station,  foi  later  transmission  to  ground. 


In  addition  to  the  high  duty  cycle  per  orbit, 
and  the  very  high  reliability  required  to  support  its 
five-year  operational  usage,  the  RADARSAT  SAR  has 
three  other  unique  features  which  distinguish  it  from 
previous  or  other  presently  planned  spaceborne  SARs. 
These  include  the  ability  to  place  and  tailor  each 
selected  swath  within  an  800  km  wide  accessibility 
region  through  elevation  beam  steering  and  beam 
shaping;  the  flexible  use  of  three  radar  bandwidths  to 
achieve  high  and  nominally  uniform  ground  range 
resolution  across  the  swath  or  to  match  its  operation 
to  special  requirements;  and  the  very  high  processor 
capacity  which  produces  priority  imagery  at  one- 
quarter  real-time  rates,  and  potentially  achieves  a 
zero  backlog  of  unprocessed  data  over  each  2A  hour 
period. 

The  SAR  is  being  developed  in  Canada  by  Spar 
Aerospace  Ltd. ,  with  major  subcontracts  to  Canadian 
Astronautics  Ltd.  and  COM  DEV  Ltd.  The  300  W  average 
power  radar  transmitter  will  bo  basod  on  the  Dornier 
Systems/AEG  ERS-1  high-  power  amplifier,  with  minor 
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TABLE  1  Basic  RADARSAT  SAR  Characteristics 


Frequency . 

. .5.3  GHz 

RF  bandwidth . 

. .11.6,  17.3  or  30.0  MHz 

Sampling  race . 

..12.9,  18.5  or  32.3  MHz 

Transmit  pulse  length . . 

. .42.0-s 

Pulse  repetition  frequency . 

. .1270  -  1390  Hz 

Transmitter  peak  power . 

..5  kW 

Transmitter  average  power . 

(nominal) 

. .300  W 

Average  radar  data  rate . 

. .73.9  -  100.0  Mb/s 

Sample  work  size . 

..4  bits  each  1  and  Q 

Antenna  size . 

. .15.0  x  1.6  m 

Antenna  polarization . 

.  .HH 

Antenna  elevation  phase  quantization. . 

.  .8  bits 

modifications.  The  antenna  will  be  15.0  ra  long  x  1.6  The  availability  of  the  SAR  for  operation  is 

m  wide,  and  will  be  electronically  steerable  in  constrained  by  the  spacecraft  power  system,  the 

elevation  through  a  29°  primary  region,  and  further  payload  thermal  design  and  the  hardware  of  the  SAR. 

10*  experimental  region  to  form  many  different  beams  Typical  continuous  length  of  regular  operation  is  15 

and  beam  shapes  upon  command.  See  Figure  2.  These  minutes  and  the  maximum  availability  of  data  is  28 

beams  are  realized  using  phase-only  control  of  an  minutes  in  one  orbital  period, 

elevation  beam- forming  network  consisting  of  fixed 

power  dividers  to  achieve  a  single  aperture  taper,  but  4.0  THE  SPACECRAFT  SYSTEM 

using  32  non-reciprocal  ferrite  phase  shifters  for 

excitation  control.  The  radiating  surfaces  will  be  The  RADARSAT  spacecraft  is  about  to  commence  its 

composed  of  slotted  wave-guide  panels  formed  in  detailed  design  phase,  with  the  design  definition 

aluminum.  Table  1  outlines  the  basic  radar  phase  now  completed.  The  spacecraft  configuration,  as 

characteristics.  seen  p^g  3  comprises  two  main  modules,  the  Payload 

Module  and  the  Bus  Module. 

When  the  spacecraft  is  rotated  in  its  Antarctic 

mode,  both  Che  thermal  design  and  power  raising  The  spacecraft  has  been  configured  to  be 

capabilities  may  limit  maximum  SAR  operation  to  15  launched  by  the  NASA  medium  class  launch  vehicle.  To 

minutes  in  this  mode.  Analyses  shows  that  this  is  fit  the  15m  SAR  antenna  within  the  3.5m  x  1.9m 

adequate  to  provide  coverage  of  the  Antarctic.  diameter  shroud  without  compromising  the  electrical 
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performance,  a  four  panel  antenna  design  has  been 
adopted,  with  the  panels  stowed  parallel  to  the  launch 
vehicle  axis. 

The  launch  vehicle  injects  the  spacecraft 
directly  into  its  polar  orbit.  After  separation  the 
solar  array  and  SAR  antenna  are  deployed.  The  SAR 
antenna  Extendible  Support  Structure  (ESS)  is  a  key 
element  in  achieving  reliable  and  accurate  deployment 
necessary  to  mate  the  antenna  sections  and  in 
maintaining  the  flatness  of  the  SAR  antenna  under  its 
varying  thermal  conditions. 

Spar  is  the  prime  contractor  for  the  space 
segment  with  responsibility  specifically  for  the 
payload  module,  the  SAR  subsystem,  and  the 
integration,  test  and  delivery  of  the  spacecraft  for 
launch.  Table  2  summarizes  the  spacecraft 
characteristics . 


TABLE  2  Spacecraft  Characteristics 


Launch  Mass  -  Bus  (including  fuel) 

Kg 

1451 

-  Payload 

1475 

*  Adaptor 

55 

*  Margin 

_LZ1 

TOTAL 

3152 

Power 

3  :t  50  AH  nickel  cadluo  batteries 

Orbit  ■ 

■  altitude 

792  km 

inclination 

98.5  deg 

period 

101.5  min 

•  ascending  node 

1800  hr 

Design  Life 

5  yrs 

4.1  Payload  Module 

This  module  accommodates  all  payload  elements, 
including  the  SAR  and  the  X-band  downlink  antenna,  the 
Earth  senior,  and  one  of  the  two  S-band  telemetry 
antennas.  Thermal  control  will  be  sell-contained 
within  the  module,  using  active  and  passive 
techniques. 

The  on-board  data  handling  system  provides  two 
X-Band  downlink  channels  capable  of  operating  at  100 
Mbs-1  in  the  8.215  to  8.400  GHz  band.  One  of  the  two 
channels  is  used  for  realtime  data  while  the  second 
channel  is  used  to  downlink  recorded  data.  A 
redundant  tape  recorder  system  is  provided  capable  of 
storing  15  minutes  of  data  at  85  Mbs-1. 

Both  channels  (real  time  and  recorded)  are 
capable  of  simultaneous  operation  and  both  data 
streams  include  -11  « - - j _ _ _ _ _ _ j 
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ephemeris  required  to  process  the  final  image. 


4 . 2  Bus  Module 

The  bus  will  be  purchased  from  a  US  company  and 
selected  for  its  proven  reliability  and  heritage. 

The  hydrazine  propulsion  system  is  used  to 
provide  fine  control  of  the  spacecraft  injection  into 
its  operational  orbit  and  to  maintain  the  altitude 
during  its  life.  A  1C  km  altitude  accuracy  is 
necessary  to  achieve  the  required  ground  track  repeat 
pattern. 

The  power  system  comprises  a  2.5  kw  solar  array 
and  three,  50  amp-hr  batteries,  which  are  sized  to 
provide  the  required  SAR  operation  throughout  the  5 
year  life.  Operation  of  the  SAR  is  not  required 
during  eclipse.  The  eclipse  experienced  in  the  chosen 
orbit  occurs  for  a  short  duration  about  summer 
solstice  and  then  only  over  the  south  pole.  During 
sunlit  operation  the  payload  will  draw  power  from  both 
the  array  and  batteries  and  the  batteries  will  be 
recharged  during  the  interval  that  the  radar  is  not 
operating. 

The  attitude  control  system  uses  reaction 
wheels,  gyros,  magnetorquers  and  sun  and  earth  sensors 
to  maintain  the  spacecraft  pointing  with  an  accuracy 
of  better  than  ±  0.1°  about  all  three  axes. 

An  S-Band  Telemetry  Tracking  and  Command  system 
(TT&C)  is  used  to  command  and  monitor  the  spacecraft 
“health'’  and  allows  for  ground  control  of  the  SAR 
Including  in-orbit  reprogramming  of  the  pulse 
waveform,  the  pulse  bandwidth  and  antenna  beamshapes 
as  well  as  the  selection  of  other  radar  operation 
parameters . 

5.0  GROUND  SEGMENT 

5.1  Data  Acquisition  and  Processing 

The  SAR  data  may  be  downlinked  in  real  time  to 
an  ERS-1  compatible  ground  station  or  stored  in  high 
speed  tape  recorders  for  subsequent  downlink. 

The  data  reception  stations  are  equipped  with 
10m  X-Band  antennas  which  track  the  spacecraft  above 
5°  elevation.  The  data  is  received  at  100  MBPS, 
stored  and  subsequently  retransmitted  at  a  lower  rate, 
on  commercial  communication  channels  to  the  Data 
Processing  Centre  (DPC) .  Here  the  data  is  processed 
to  produce  SAR  Images,  which  can  then  be  transmitted 
to  the  end  user.  The  objective  is  that  the  system  will 
be  designed  such  that  no  backlog  of  unprocessed  data 
builds  up.  The  time  between  data  collection  and 
reception  by  priority  users  will  be  of  the  order  of  4 
hours. 

5.2  Mission  Control  System 

The  system  is  managed  by  a  Mission  Management 
Office  (MMO),  which  has  executive  control  of 
operations.  The  MMO  receives  requests  for  data  from 
the  various  user  groups,  sets  priorities  for  the 
operation  of  the  spacecraft,  end  makes  inputs  to  the 
detailed  scheduling. 


The  detailed  operation  of  the  spacecraft  is 
controlled  by  the  Mission  Control  Centre  (MCC)  on  a  24 
hours  a  day,  7  days  a  week  basis.  The  MCC  is 
responsible  for  monitoring  the  status  of  the 
spacecraft,  for  scheduling  the  imaging  sessions,  as 
well  as  for  implementing  any  necessary  orbital  and 
attitude  corrections.  The  MCC  also  monitors  the  use 
of  spacecraft  resources  such  as  high  power  amplifier, 
tape  recorders,  batteries  and  fuel.  Detailed 
scheduling  information  is  provided  to  the  other 
elements  in  the  network  to  ensure  correct  downlinking 
and  processing  of  data.  Information  is  fed  back  from 
the  Data  Processing  Centre  to  the  MCC  so  that  the 
sensor  operating  parameters  can  bo  modified  and  image 
quality  maintained. 

Although  a  single  TT6C  station  will  suffice 
during  the  operational  phase  of  the  mission, 
additional  ground  stations  will  be  required  during  and 
immediately  after  launch. 


6 . 0  CONCLUSIONS 

RADARSAT  is  the  first  Earth  Observation  system 
to  be  designed  and  developed  in  Canada.  The  many  SAR 
operating  modos  make  this  system  unique  and  pioneering 
in  a  global  context  both  in  terms  of  its  versatility 
of  operation  and  in  its  technology. 

The  RADARSAT  system  is  being  configured  to 
provide  a  flexible  response  to  a  wide  variety  of  user 
requirements.  It  will  provide  a  regular,  predictable 
fast  turnaround  data  information  system  to  the  benefit 
of  its  users. 
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ABSTRACT 

The  paper  considers  the  Radarsat  Synthetic  Aperture 
Radar  (SAR)  system  in  terras  both  of  its  capabilities 
and  its  implementation.  The  system  has  been  designed 
to  be  flexible  in  Its  operation,  providing 
accessibility  to  areas  over  a  wide  range  of  Incidence 
angles,  and  allowing  Imaging  of  any  of  a  large  number 
of  swaths  of  different  widths,  and  at  a  variety  of 
spatial  resolutions.  This  flexibility  is  achieved 
through  a  hardware  design  which  incorporates  elevation 
beamforming  and  digital  pulse  generation.  The  system 
also  includes  facilities  for  radiometric  calibration 
of  all  Image  products.  The  paper  describes  the  various 
standard  modes  of  SAR  operation,  the  approach  to 
calibration,  and  the  hardware  components  that  make 
them  possible.  With  these  capabilities,  the  system 
should  be  able  to  provide  the  accurate  quantitative 
radar  scattering  cross-section  information  required  by 
a  wide  variety  of  users. 

Keywords:  Radarsat,  Synthetic  Aperture  Radar  (SAR). 


1.  INTRODUCTION 

At  the  time  that  the  feasibility  studies  for  the 
Radarsat  Synthetic  Aperture  Radar  (SAR)  were  begun, 
the  only  civilian  satellite  SAR  system  that  had  flown 
was  that  on  Seasat.  The  intention  was  to  design  a  C- 
band  system  for  Radarsat  that  could  provide  image 
quality  equal  to,  or  better  than,  that  of  Seasat's  L- 
band  SAR,  but  which  would  allow  much  greater  choice  in 
the  swath  position.  Seasat  had  imaged  a  100  km  wide  at 
an  incidence  angle  of  around  23°  (Jordan,  1980) . 
Radarsat  was  required  tc  image  swaths  which  were  at 
least  100  km  wide,  but,  additionally,  to  allow  imaging 
of  any  specified  point  within  a  500  km  region  from  an 
Incidence  angle  of  20°  to  at  least  45° .  A  spatial 
resolution  of  about  25-30m  in  both  ground  range  and 
azimuth  had  to  be  maintained  for  4-look  imaging 
anywhere  within  this  region. 

This  set  of  requirements  led  to  the  introduction  of 
two  features  in  the  system  design: 

a)  The  antenna  had  to  have  elevation  beamforming 
capabilities  so  as  to  allow  Imaging  of  any  of  a  set  of 
defined  swaths.  These  swaths  occupied  adjoining 


(slightly  overlapping)  sections  of  the  'accessibility 
region’  (the  full  angular  region  that  the  SAR  was 
required  to  be  capable  of  Imaging).  Together,  they 
covered  the  full  width  of  that  region. 

b)  The  system  had  to  be  capable  of  generating  a 
choice  of  pulses,  each  covering  a  different  bandwidth. 
Depending  on  the  incidence  angle  of  the  swath  to  be 
Imaged,  the  appropriate  pulse  could  then  be  selected 
to  give  the  required  (approximately  25m)  ground  range 
resolution. 

With  these  two  capabilities  Incorporated  into  the 
design,  the  system  was  capable  of  satisfying  the 
resolution  and  coverage  requirements  with  a  set  of 
seven  beams,  referred  to  below  as  "the  Basic  Beams". 
The  additional  operational  flexibility  also,  however, 
gave  the  potential  for  a  much  wider  variety  of  imaging 
modes.  In  particular,  it  allowed  the  SAR  to  image  with 
various  combinations  of  swath  width  and  spatial 
resolution,  and  further  sets  of  beams,  referred  to  as 
'the  Wide  Swath  Beams'  and  'the  Fine  Resolution 
Beams',  were  defined.  The  system  is  also  able  to 
operate  experimentally  in  ocher  modes  besides  chose 
defined  as  standard:  imaging  at  incidence  angles 
greater  than  50°  is  of  particular  interest. 

Because  the  antenna  design  chosen  for  implementation 
of  the  bearaforming  capabilities  inherently  provided 
very  rapid  switching  between  beams,  the  system  also 
had  the  potential  for  operating  in  a  'ScanSAR'  mode. 
This  mode,  in  which  imaging  is  switched  between  two  or 
more  adjoining  swaths,  permits  coverage  of  an  even 
wider  region  in  a  single  pass.  ScanSAR  operations  for 
Imaging  300  and  500  km  wide  regions  were  add  "o  the 
set  of  standard  Radarsat  imaging  modes. 

In  this  paper,  the  various  imaging  modes  of  the  SAR 
are  described,  3nd  the  hardware  implementation  that 
permits  this  operational  flexibility  is  outlined.  A 
different  form  of  image  is  optimum  for  each 
application,  but  this  system  should  allow  any  given 
user’s  requirements  to  be  more  closely  satisfied  than 
would  be  possible  with  a  conventional  fixed  beam, 
single  pulse  design.  For  many  of  the  potential 
applications,  accurate  radiometric  calibration  of  the 
images  is  also  necessary.  The  Radarsat  calibration 
plans  are  outlined  in  the  penultimate  section. 
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2.  IMPLEMENTATION  OF  THE  RADARSAT  SAR  DESIGN 

The  operational  flexibility  of  the  Radarsat  SAR  is 
achieved  principally  through  two  components  in  the 
system:  the  pulse  generation  section  of  the  low  power 
subsystem,  and  the  antenna,  with  its  elevation 
beamforming  network.  This  section  contains  brief 
outlines  of  each  of  these  components,  as  well  as  the 
Internal  calibration  subsystem  used  in  the  radiometric 
calibration  procedures  discussed  in  Section  4. 

a)  Digital  pulse  generator.  The  system  must  be  capable 
of  generating  pulses  with  two  different  bandwldths 
(17.3  and  11.6  MHz)  in  order  to  provide  reasonably 
uniform  ground  range  resolution  across  the  Incidence 
angles  covered  by  the  set  of  Basic  Beams.  A  third 
pulse  covering  a  30  MHz  bandwidth,  designed  for  fine 
resolution  Imaging,  is  also  required.  Digital 
technology  has  been  chosen  for  the  implementation  of 
this  component.  This  choice  should  enable  a  consistent 
form  of  pulse  to  be  generated,  and  will  allow 
experimental  operation  with  pulses  with  other  forms  of 
modulation.  The  ground  range  resolutions  obtained  with 
each  of  the  three  current  pulses  are  shown  as 
functions  of  Incidence  angle  in  Figure  1. 


Figure  1:  Ground  Range  Resolution 


b)  Antenna  elevation  beamforming  network.  The  Radarsat 
SAR  antenna  is  designed  to  provide  the  required 
elevation  beamforming  capabilities  through  the 
implementation  of  adjustable  ferrite  phase  shifters  at 
each  of  the  elements  across  the  antenna  width  (ZlmcJk 
et  al,  1988).  The  coefficients  for  a  number  of 
standard  beams  will  be  stored  in  an  on-board  computer 
memory,  but  sets  of  coefficients  for  alternative  beams 
can  be  transmitted  from  the  ground  for  storage  on¬ 
board.  The  haidwure  is  inherently  capable  or  rapid 
switching,  enabling  the  system  to  operate  in  a  ScanSAR 
mode  (see  Section  3.4)  as  well  as  a  variety  of 
conventional  single  swath  imaging  modes. 


c)  Calibration  subsystem.  A  simple  block  diagram  of 
the  calibration  subsystem  is  shown  in  Figure  2.  The 
layout  is  designed  for  use  in  monitoring  of  the  pulse 
characteristics  as  well  as  for  tracking  of  internal 
gain  variations  in  the  system.  During  each  imaging 
period,  signals  are  tapped  off  before  the  antenna, 
attenuated  and  reinjected  following  the  limiter  and 
low  noise  amplifier.  Calibration  of  these  two 
components  and  of  the  receiver  gain  characteristic  is 
performed  at  the  start  and  end  of  each  continuous 
sequence  of  pulse  transmissions.  Together,  these 
provide  the  information  used  in  the  internal 
radiometric  calibration  updates. 


Figure  2:  Radarsat  Calibration  Subsystem 


3.  THE  RADARSAT  IMAGING  MODES. 

Figure  3  is  a  schematic  diagram  of  the  coverage 
provided  by  each  of  the  defined  Radarsat  beam  modes. 
These  modes  are  described  in  the  following 
subsections. 


3.1  The  Basic  Set  of  Beams 

A  set  of  seven  beams  have  been  defined  to  provide 
images  which  satisfy  the  original  set  of  requirements. 
Each  beam  covers  a  swath  of  approximately  100  km  and 
overlaps  the  next  beam  in  the  set  by  at  least  35  km 
(except  where  other  system  constraints  make  this 
Impossible).  By  reducing  the  swath  width  to  near  the 
specified  minimum,  the  gain  of  the  beam  can  be 
maximized  and  so  optimum  sensitivity  to  low  scattering 
cross-section  can  be  obtained.  The  large  overlaps 
between  swaths  allow  a  better  choice  of  beam  to  image 
any  specific  area. 

For  the  purposes  of  normal  imaging  operations,  each 
beam  is  associated  with  one  of  the  available  pulses: 
the  17.3  MHz  pulse  is  used  for  the  two  beams  nearest 
the  subsatellite  track,  and  the  11.6  MHz  pulse  for  the 
remainder  of  the  set.  The  ground  range  resolution,  the 
data  rate  and  the  ground  processing  load  are  thereby 
kept  reasonably  uniform  for  all  beams. 
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The  form  of  Imnge  provided  by  the  Basic  Beams  can  be 
regarded  as  a  compromise  between  wide  coverage  and 
fine  resolution,  optimized  to  give  sensitivity  to  low 
scattering  cross-section.  In  general,  It  Is  possible 
(subject  to  data  rate  limitations)  to  pair  any  of  the 
beams  with  any  of  the  available  pulses  to  give 
alternative  combinations  of  coverage  and  resolution. 
The  following  two  sections  describe  the  Imaging  modes 
that  have  been  defined  to  provide  the  two  extremes  In 
the  trade-off  between  these  two  performance  parameters 
for  conventional  single  swath  Imaging. 


For  conventional  Imaging  of  a  single  swath  (as  opposed 
to  Imaging  In  a  ScanSAR  mode,  as  described  In  Section 
3.4),  the  width  of  coverage  is  limited  by  the  capacity 
of  the  data  link  to  the  ground.  Two  beams  have  boen 
defined  for  swaths  of  maximum  possible  width,  covering 
adjoining  regions  within  the  normal  accessibility 
region  of  the  SAR.  Because  a  lower  sampling  rate  can 
be  used  for  operations  with  a  narrower  bandwidth 
pulse,  both  wide  swath  beams  are  defined  for  use  with 
the  11.6  MHz  pulse. 

The  swath  widths  are  increased  to  around  150  km, 
compared  with  100  km  for  the  set  of  Basic  Beams,  but, 
because  a  lower  bandwidth  pulse  Is  used,  the  range 
resolution  Is  necessarily  less  fine  (again,  by  a 
factor  of  approximately  1.5). 


For  the  Images  produced  with  the  Basic  Beams,  the 
spatial  resolution  Is  of  about  25-30  m  In  each 


Figure  3:  The  Radarsat  Imaging  Modes 


Improvement  In  resolution  (approximately  in  the  ratio 
3.2)  could  be  obtained  by  using  the  wider  (17.3  MHz) 
bandwidth  pulse.  In  order  to  provide  a  significant 
enhancement  In  ground  range  resolution,  a  third  pulse, 
with  a  bandwidth  nominally  of  30  MHz,  was  incorporated 
Into  the  system.  Vhen  this  pulse  Is  used  for  imaging 
of  an  area  at  65°  Incidence  angle,  the  resolution  will 
bo  comparable  to  the  single-look  resolution  In 
azimuth. 

Since  the  wider  bandwidth  of  signal  must  be  sampled  at 
a  correspondingly  higher  rate,  the  data  rote  of  the 
link  to  the  ground  limits  the  width  of  the  swath  that 
can  be  Imaged.  A  set  of  Fine  Resolution  Beams  have 
been  defined  for  Imaging  at  the  far  side  of  the 
accessibility  region,  where  the  lncldenco  angle  Is 
highest  and  so  the  finest  ground  range  resolution  can 
bo  achieved.  These  beams  are  designed  to  cover  the 
maximum  swath  widths  (45-50  km)  possible  within  the 
data  rate  limitations,  but  to  provide  higher  gain  and, 
hence,  better  sensitivity  than  the  wider  Basic  Beams 
covering  the  same  angles. 


For  conventional  single  swath  SAR  Imaging,  the  Wide 
Swath  Beams  represent  the  limit  in  swath  width  that 
can  be  achieved  with  the  current  data  link.  Even 
without  the  data  rate  limit,  it  would  not  be  posslblo 
to  Image  significantly  wider  swaths  because  of  timing 
and  range  ambiguity  constraints.  If  a  modified  form  of 
operation  known  as  ScanSAR  Is  used,  however,  a  much 
wider  area  can  be  covered  in  a  single  pass. 
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raw  data  could  alternatively  be  processed  to  give  a 
single-look  Image  with  an  azimuth  resolution  of  around 
8  m.  The  fine  resolution  In  range  Is  obtained  through 
pulse  compression  techniques.  To  Improve  this 
resolution,  it  Is  necessary  to  use  a  pulse  with 
modulation  covering  an  Increased  bandwidth. 

When  the  Basic  Beams  are  used  to  Image  any  of  the 
swaths  at  the  far  side  of  the  accessibility  region, 
the  11.6  MHz  pulse  would  normally  be  employed.  Some 
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imaging  time  amongst  a  set  of  two  or  more  distinct 
subswaths  (Moore  et  al,  1981).  Pulses  are  transmitted 
and  returns  received  for  a  period  in  one  subswath  beam 
before  operations  are  switched  to  another,  and  so  on 
around  the  full  set  of  subswaths.  Each  period  must  be 
sufficiently  long  to  allow  a  synthetic  aperture  to  be 
formed  (l.e.,  to  allow  an  image  of  a  section  of  the 
subswath  to  be  produced) ,  but  short  enough  that  the 
successive  periods  In  any  one  subswath  cover  adjoining 
or  overlapping  sections.  (See  Figure  4.) 
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Many  combinations  of  subswaths,  switching  periods,  and 
resolutions  are  possible,  but  two  principal  forms  of 
ScanSAR  operation  have  been  defined  for  Radarsat: 

a)  Two-subswath  ScanSAR,  combining  the  coverage  of  the 
two  Wide  Swath  Beams  to  give  a  total  width  of  over  300 
km. 

b)  Four-subswath  ScanSAR,  covering  the  full  nominal 
500  km  accessibility  region  of  the  Basic  Beams. 

Because  the  raw  data  for  any  one  subswath  covers  a 
period  only  a  fraction  of  that  from  conventional 
imaging,  there  is  a  corresponding  degradation  either 
in  the  number  of  looks  or  in  the  azimuth  resolution. 
For  the  two-subswath  ScanSAR,  an  azimuth  resolution  of 
about  30  m  could  be  obtained  for  one  azimuth  look  and 
about  50  m  for  two  looks.  For  the  four-subswath 
ScanSAR,  images  with  one  and  two  azimuth  looks  can  be 
expected  to  have  azimuth  resolutions  of  about  55  m  and 
100  m.  (Luscombe,  1988) 

Both  proposed  standard  forms  of  ScanSAR  are  designed 
for  use  with  the  narrowest  bandwidth  pulse,  but, 
because  of  the  large  change  in  incidence  angle  across 
the  full  swath,  there  is  a  wide  variation  in  ground 
range  resolution:  from  about  45  to  25  m  for  two- 
subswath  operations  and  from  about  45  to  20  m  for  four 
subswaths.  The  data  can  therefore  be  processed  to 
produce  images  with  a  more  consistent  ground  range 
resolution  (nominally  around  50  or  100  m) ,  but  with  up 
to  three  times  as  many  looks.  For  images  with 
approximately  100  m  resolution  covering  the  full  S00 
km  accessibility  swath,  for  example,  there  would  be 
around  six  looks  in  total. 


Figure  4:  Two-Subswath  ScanSAR  Imaging 


3.5  High  Incidence  Ankle  Beams 

The  set  of  Basic  Beams  allow  imaging  of  any  region 
from  20°  incidence  angle  to  beyond  45° .  For  some 
applications,  even  higher  incidence  angles  are 
regarded  as  optimum  and  the  beamforming  network 
enables  imaging  to  be  performed  at  these  higher  angles 
on  an  experimental  basis.  As  the  elevation  angle  of 
the  beam  increases,  the  timing  constraints  and  range 
ambiguity  effects  become  more  restrictive  and  so 
coverage  and  performance  estimates  are  tentative  at 
this  stage.  Provisionally,  however,  an  extra  six 
beams  have  been  defined  for  experimental  Imaging  out 
to  an  incidence  angle  of  nearly  60° . 

4.  RADIOMETRIC  CALIBRATION 

The  radar  system  Incorporates  the  internal  calibration 
subsystem  outlined  in  Section  2,  which  is  designed  to 
provide  information  for  continuous  updating  of  the 
radiometric  measurements.  This  information  represents 
only  one  aspect  of  the  Radarsat  radiometric 
calibration  plan.  The  calibration  procedures  are  also 
designed  to  make  use  of  regular  measurements  from 
images  of  ground  calibration  targets,  and  of  various 
functions  and  characteristics  (beam  patterns, 
temperature  profiles,  etc.)  obtained  pre-flight  and 
updated  periodically  in-flight.  All  radar  images 
produced  with  standard  beams  and  Imaging  modes  will  be 
calibrated,  and  it  is  proposed  to  use  an 
internationally-established  calibration  site  to  enable 
cross-calibration  with  other  sensors. 

5.  SUMMARY 

The  optimum  imaging  characteristics  (incidence  angle, 
resolution,  number  of  looks,  swath  width)  depend  very 
much  upon  the  application.  The  Radarsat  design  should 
allow  the  system  to  be  responsive  to  the  requirements 
of  a  wide  variety  of  users,  and  should  enable  more 
timely  imaging  of  any  specific  area  of  Interest  than 
would  be  possible  with  a  fixed  beam  system.  The 
calibration  procedures  defined  for  the  system  are 
designed  to  provide  as  accurate  quantitative  radar 
scattering  cross-section  information  as  is  possible 
within  limitations  of  cost  and  technological 
development.  This,  in  combination  with  the 
flexibility  of  operation,  should  make  the  Radarsat  SAR 
truly  "an  economic  tool  for  the  nineties". 
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ABSTRACT 

This  paper  presents  a  description  of  the  Control  and  Management 
subsystem  which  provides  user  access  and  production  control  facilities  at 
the  Canadian  Radar  Data  Centre  Synthetic  Aperture  Radar  Data 
Processing  Facility  (SARDPF).  A  complete  description  of  subsystem 
architecture  and  functionality  Is  presented. 

The  SARDPF  is  designed  to  receive  and  satisfy  user  requests  from  the  user 
community  for  ERS-1  SAR  Image  Mode  products. 

The  Control  and  Management  subsystem  provides  the  following  functions 
within  the  SARDPF: 

•  an  Order  Desk  facility, 

•  a  Mission  Management  Office  operator  interface  to  support  the 
identification  and  submission  of  data  requests  for  new  ERS-I 
data  acquisitions, 

•  a  SARDPF  operator  interface  to  control  all  SARDPF  operations, 

•  an  ERS-1  raw  and  processed  data  archive  catalogue, 

•  the  control  of  an  ERS-1  SAR  processor  subsystem,  a  GICS 
subsystem,  a  Transcription  subsystem  and  a  Data  Path  Switcher 
subsystem. 

•  control  the  distribution  of  products  to  the  user  community, 

The  paper  concludes  with  a  brief  description  of  the  planned  upgrade  of 
the  Control  and  Management  subsystem  for  the  Radarsat  phase. 
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1.  INTRODUCTION 

The  SAR  Data  Processing  Facility  (SARDPF)  is  comprised  of  the 
following  subsystems: 

•  Control  and  Management  (CM)  subsystem, 

•  Geocoded  Image  Correction  System  (GICS)  subsystem, 

•  cnc.1  c*o  Processor  (CAom  ... 

•  Product  Transcription  (TR)  subsystem, 

•  Data  Path  Switcher  (DPS)  subsystem. 

The  CM  subsystem  provides  all  the  required  high-level  system  functions 
at  the  SARDPF.  It  is  primarily  designed  to  support  the  processing  of  SAR 
products  derived  from  data  acquired  by  the  ERS-1  satellite  In  response  to 
user  requests  submitted  by  the  user  community.  In  addition,  the 
subsystem  can  support  SAR  product  distribution  over  an  Image  Transfer 
Network  (ITN)  to  Direct  Users. 


SAR  products  can  be  generated  directly  from  raw  data  archive,  the 
processed  data  archive  or  from  newly  acquired  data  which  is  transmitted 
from  the  Data  Acquisition  Facilities  over  a  dedicated  Data  Transfer 
Network. 

It  Is  the  Intent  of  this  paper  to  focus  on  the  specific  functions  of  the  CM 
subsystem.  The  remaining  subsystems  are  described  in  reference  papers  1 
and  2. 

2.  CM  SUBSYSTEM  ARCHITECTURE 
2.1  Hardware  Architecture 

The  CM  subsystem  architecture  is  designed  to  provide  high  reliability  and 
availability.  The  host  processor  is  a  Digital  Equipment  Corporation 
MIcroVAX  H  with  9  Megabytes  of  main  memory  (expandable  to  17 
Megabytes).  The  processor  is  supported  by  a  number  of  peripheral 
devices  and  related  control  and  data  interfaces. 

The  processor  is  configured  as  follows: 

•  CPU  board  with  console  interface  and  1  Megabyte  of  memory, 

•  8  Megabyte  memory  board, 

•  spare  slot  for  an  additional  memory  board  (to  meet  future 
expansion), 

•  disk  controller  supporting  one  70-Megabyte  disk  drive  plus  a  dual 
floppy  disk  drive, 

•  tape  drive  controller  supporting  one  Fujitsu  Computer- 
Compatible  Tape  (CCT)  drive  unit, 

•  disk  controller  supporting  one  Fujitsu  690  Megabyte  disk  drive 
unit. 


An  overview  of  the  subsystem  architecture  is  depicted  in  Figure  2-1 
together  with  the  interfaces  to  other  SARDPF  resources. 


HOUSE  M  CM  SUBSYSTEM  ASCIMTECIUSK 
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I  lit*  dual  floppy  disk  drive  is  used  (o  load  vendor-supplied  diagm  * 
!>•><  kages.  The  drive  is  not  used  as  part  of  normal  system  operation. 

The  70-Megabyte  disk  drive  is  used  to  store  all  system  application 
software  tasks.  In  addition,  all  MicroVMS  system  software  is  resident  on 
tlii*  disk. 

•  "I '  I  dme  pi  os  ides  too  fumiions: 

•  system  backup  operations  to  CCT  directly  from  the  Micro!  'I 
operating  system, 

•  specific  catalogue  and  product  order  backup  operations  as  pai  t  m 
Management  activities  of  the  subsystem. 

The  Fujitsu  640-Megabyte  disk  drive  is  used  to  store  information  specific 
to  the  system  application.  Primarily  the  F.RS-1  archive  catalogue  entries 
are  stored  on  this  disk. 

2.1. 1  Resource/Peripheral  Control  interface 

The  High-Density  Digital  Tape  Recorder  (HDTR),  Time  Code  Generator 
(TCG)  and  Time  Code  Reader  (TCR)  units  interface  to  the  host  processor 
via  the  DEC  UNIBUS.  However,  since  the  MIcroVAX  II  is  based  on  the 
DEC  Q-BUS,  a  Q-BUS/UN1BUS  bus  interpreter  is  utilired. 

2. 1.1.1  HDTR  Interface 

The  CM  subsystem  uses  three  identically  configured  HDTR  units  for 
recording  and  playback  of  raw  and  processed  ERS-1  SAR  data.  All 
HDTR  date  input  and  output  connections  are  made  via  the  DPS 
subsystem  under  the  control  of  the  CM  subsystem. 

The  HDTR  units  are  Honeywell  HD96  28-track  units.  The  subsystem  is 
able  to  support  up  to  six  of  these  units. 

The  HDTR  control  interface  Is  manufactured  by  MacDonald  Dettwilcr 
and  enables  the  selection  or  transport  functions. 

2. 1.1.2  Time  Code  Reader/Generator  Interface 

The  CM  subsystem  contains  two  Identical  Datum  9310  TCG/TCR  units. 
One  Is  configured  as  a  TCG  and  the  other  Is  configured  as  a  TCR.  The 
TCG  provides  the  IRIG-A  signal  that  Is  recorded  on  the  HDDT.  The  TCR 
extracts  time  code  from  HDDT.  Both  ur  its  are  remotely  controlled  by  the 
subsystem. 

The  TCR  remote  control  enables  selection  of  forward  or  reverse  time  code 
translation.  The  decoded  time  code  is  used  by  the  subsystem  for  tape 
positioning. 

2. 1.1.3  Bit  Error  Rate  Tester  (BERT) 

The  BERT  unit  is  controlled  by  the  CM  subsystem  via  an  1F.EE  STD  488 
interface.  The  unit  is  used  for  on-line  maintenance  tests  of  the  HDTR 
units. 

2. 1.1.4  Moving  Window  Display  IMWD) 

An  MWD  unit  Is  controlled  by  the  CM  subsystem  via  an  RS232  serial 
interface.  Up  to  two  such  units  can  be  supported. 

The  MWD  is  used  to  display  SAR  imagery  as  it  is  being  processed. 

1.5  Control  liatisler  Network  tIT.Nl  Intel  face 

I  lie  CM  subsystem  supports  a  CTN  (X.25  protocol)  communications  link 
to  external  agencies.  The  Interface  supports  the  exchange  of  electronic 
mail  messages  between  the  SARDPF  and  the  following  agencies: 

•  Satellite  Operations  Centre  (SOC), 

•  Earth  net  ERS-1  Central  Facility  (F.F.CF), 

•  Ice  Centre  Environment  Canada  tICKC), 

•  Fisheries  and  Oceans  Canada  (FOCI, 


1  1  l  6  Operator  Interface 

•  Order  Desk 

Up  to  three  Order  Desk  operator  terminal  interface  in 
supported.  It  Is  assumed  that  the  terminals  are  fully  cnmpati1'- 
with  the  DEC  VT220/VT320  series  of  terminals. 

•  Mission  Management  Office  (MMO) 

One  MMO  operator  terminal  interface  Is  supported  by  the  CM 
subsystem. 

•  SARDPF  Operator 

The  following  terminal  interfaces  are  supported  by  the  CM 
subsystem  and  represent  the  SARDPF  operator  workstation: 

•  colour  graphics  display, 

•  two  monochrome,  alphanumeric  terminals. 

The  colour  graphics  display  provides  comprehensive  status 
information  In  terms  of  a  "mimic"  representation  of  SARDPF 
resources  and  using  colour  to  portray  changes  In  state. 

One  alphanumeric  terminal  display  is  dedicated  solely  to 
production  control  activities.  The  other  is  dedicated  to 
management  activities.  This  approach  supports  the  future 
upgrade  to  separate  processors. 

2.1.1.7  Subsystem  Interface 

The  CM  subsystem  controls  the  following  SARDPF  processing 
subsystems: 

•  GICS  subsystem, 

•  TR  subsystem, 

•  SARP  subsystem, 

•  DPS  subsystem. 

The  GICS,  SARP  and  TR  subsystems  interface  to  the  CM  subsystem  via 
an  ethernet  Interface.  The  DPS  subsystem  in  controlled  via  an  RS232 
serial  interface. 

The  GICS  subsystem  is  responsible  for  the  generation  of  all  the  SARDPF 
ee»r»ded  products  on  CCT  In  response  to  work  orders  submitted  by  " 

'  tbsystem. 

I  tie  SARP  subsystem  is  responsible  for  the  generation  of  fine  resolution 
cent  elerenced  SAR  data  which  Is  recorded  on  HDDT  and  represents  iht 
"processed  data”  archive.  In  addition,  the  SARP  subsystem  is  responsible 
for  the  generation  of  special  (SLC,  SLD,  MI-D)  and  raw  SAR  products  on 
CCT. 

The  TR  subsystem  is  responsible.for  the  generation  of  fine  and  coarse 
resolution  georeferenced  products  on  CCT:  and  over  an  Image  Transfer 
Network  (ITN)  to  the  Direct  Users.  The  products  are  derived  directly 
from  the  F.RS-1  "processed  data”  archive.  In  addition,  the  subsystem  is 
responsible  for  all  product  quality  control  at  the  SARDPF  with  samples  of 
product  imagery  output  on  a  dedicated  image  recorder. 

The  DPS  subsystem  Is  responsible  for  performing  all  the  necessary  data 
path  switching  required  to  route  image  data  between  (be  GICS,  SARP.  TR 
subsystems  and  the  HDTR  units.  Data  path  configuration  commands  are 
issued  by  the  CM  subsystem. 

2.1.1.8  Printer  Interface 

The  CM  subsystem  supports  the  foUowlng  printers: 


Invoice  printer, 
tape  label  printer, 
reports  printer. 
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The  invoice  printer  is  used  solely  for  the  generation  of  user  invoices  and  is 
dedicated  to  the  CM  subsystem. 

The  tape  label  printer  is  shared  by  the  CM.  GICS,  SARP  and  TR 
subsystems  for  the  generation  of  HDDT  and  CCT  tape  labels. 

The  reports  printer  Is  shared  by  the  CM,  GICS,  SARP  and  TR  subsystems 
for  the  generation  of  SARDPF  system  performance  and  product  reports. 

2.2  Software  Architecture 

The  CM  subsystem  is  partitioned  into  two  software  functional 
components:  Management  and  Control.  This  partitioning  is  a  key  design 
feature  whereby  the  two  components  can  be  ported  to  independent  host 
processors  as  part  of  a  Radarsat  upgrade  program.  The  functions  of  the 
CM  subsystem  are  described  in  terms  of  these  components. 


3.  MANAGEMENT  FUNCTIONS  OF  THE 
CM  SUBSYSTEM 

3-1  Order  Desk  Operator 

The  order  desk  operator  is  the  primary  interface  between  the  user 
community  and  the  SARDPF.  The  Order  Desk  operator  is  provided  with 
the  following  operational  features: 

•  to  browse  (query)  the  raw  and  processed  ERS-1  data  archive 
catalogue, 

•  to  query  SARDPF  product  prices. 

•  to  enter,  modify  or  query  user  details,  ie.  name,  address,  etc., 

•  to  enter,  modify,  query  or  cancel  user  requests  for  SARDPF 
products  on  behalf  of  users, 

•  to  enter  data  requests  for  new  ERS-1  data  in  terms  of 
geographical  areas. 

3.2  Mission  Management  Office  (MMO)  Operator 

The  MMO  operator  represents  the  primary  interface  between  the 
SARDPF  and  the  Earthnet  ERS-1  Control  Facility  (EECF).  The  operator 
Is  provided  with  the  following  operational  features: 

•  to  perform  all  Order  Desk  operator  functions  if  necessary, 

•  to  modify  SARDPF  product  prices, 

•  to  query,  modify  or  cancel  data  requests  submitted  by  the  Order 
Desk  operators, 

•  to  submit  data  requests  via  the  Control  Transfer  Network  (CTN) 
to  the  EECF, 

•  to  enter  or  query  ERS-1  satellite  Instrument  schedule  parameters 
associated  with  data  requests, 

•  to  submit  DAF  assignment  requests  to  the  Satellite  Operations 
Centre  (SOC)  via  the  CTN.  Assignment  requests  are  submitted  in 
response  to  Instrument  schedules  received  from  the  EECF, 

•  to  update  the  status  of  data  requests  and  instrument  schedules  in 
response  to  electronic  mail  messages  received  from  the  EECF  and 
SOC  via  the  CTN, 

•  to  submit  postpass  reports  to  the  EECF, 

•  to  monitor  specific  SARDPF  resource  status  information. 

3.3  SARDPF  Operator  Management  Functions 

The  SARDPF  operator  Is  provided  with  a  dedicated  terminal  to  the 
Management  component  of  CM  subsystem.  The  operator  is  provided  with 
the  following  operational  features: 

•  to  enter  special  product  orders  for  the  processing  of  SARDPF 
products  which  are  derived  from  raw  data  on  CCT.  This  data  is 
not  retained  or  referenced  from  the  ERS-1  catalogue, 

•  to  browse  (query)  the  ERS-1  catalogue, 

•  to  query  or  update  default  SAR  processing  parameters  used  in 
the  product  generation  process, 

•  to  ship  completed  product  orders, 

•  to  invoice  shipped  product  orders. 


•  to  enter  ERS-1  raw  data  on  HDDT  for  processing  Into  the 
archive, 

•  to  perform  maintenance  activities  on  the  catalogue;  le. 
modification  and  deletion  of  entries. 

•  to  perform  purging  operations  on  completed  product  orders. 

3.4  Automatic  Operations 

The  Management  component  software  Interfaces  directly  to  the  Control 
component.  This  Interface  Is  designed  so  as  to  enable  one  of  the 
components  to  reside  on  another  host  computer  without  modifications  to 
the  interface.  The  Interface  can  readily  be  configured  to  support 
PECnet/Ethemef  communication  between  components. 

1  he  Management  component  performs  the  following  operations  on  receipt 
of  inputs  from  the  Control  component: 

•  update  of  the  ERS-1  catalogue  on  the  successful  processing  of 
newly  acquired  data, 

•  update  of  product  order  status  as  the  order  undergoes  processing, 

•  update  of  SARDPF  resource  status. 


4.  CONTROL  FUNCTIONS  OF  THE  CM  SUBSYSTEM 

Control  functions  of  the  CM  subsystem  are  summarized  in  terms  of  the 
operational  features  provided  as  part  of  the  SARDPF  operator 
workstation  and  the  automatic  operations  provided  by  the  Control 
component  software. 

4.1  SARDPF  Operator  Production  Control  Functions 

4.1.1  Operator  Equipment 

The  SARDPF  operator  production  control  workstation  consists  of  the 
following: 

•  colour  graphics  display  representing  a  "mimic"  status  of  all 
SARDPF  processing  resources  and  external  resources, 

•  a  monochrome  Moving  Window  Display  (MWD)  to  monitor 
imagery  as  it  is  being  processed, 

•  an  alphanumeric,  monochrome  terminal  to  perform  all  SARDPF 
production  control  operations. 

4.1.2  Operator  Features 

The  SARDPF  operator  Interface  is  designed  so  as  to  minimize  data  entry 
and  thus  workload. 

4.1. 2.1  Production  Control  Operations 

The  SARDPF  operator  is  able  to  perform  the  following  operations 
associated  with  product  orders: 

•  cancel  a  selected  product  order, 

•  display  the  details  of  a  product  order, 

•  schedule  a  product  order  for  immediate  execution  or  for  an 
assigned  activation  time, 

•  reschedule  a  product  order, 

•  remove  a  product  order  from  the  processing  queue, 

•  abort,  suspend  or  resume  product  order  execution, 

•  invoke  and  control  the  display  of  SAR  imagery  on  a  MWD  for  a 
designated  product  order, 

•  perform  product  and  catalogue  quality  control  operations, 

•  initiate  windowing  of  products  on  an  image  recorder. 

4.1.2.2  Retransmission  Schedule  Operations 

For  product  orders  which  require  data  retransmission  of  raw  ERS-1  data 
from  the  Prince  Albert  or  Gatineau  Data  Acquisition  Facilities,  a 
retransmission  schedule  is  automatically  maintained.  The  SARDPF 
operator  is  able  to  perform  the  following  operations: 

•  transmit  the  schedule  to  the  SOC, 

•  print  the  schedule  on  the  reports  printer, 

•  display  schedule  details  at  the  terminal. 
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For  product  orders  which  require  product  delivery  over  «n  ITN,  «n  ITN 
Product  Distribution  schedule  Is  automatically  maintained  for  each  Direct 
User:  ICEC  and  FOC.  The  SARDPF  operator  is  able  to  perform  the 
following  operations: 


•  transmit  the  schedule  to  ICEC,  FOC  or  both  direct  users, 

•  print  the  schedule  on  the  reports  printer, 

•  display  schedule  details  at  the  terminal. 


4.1.2.4  Auxiliary  Data  Entr 


In  order  to  support  the  processing  of  newly  acquired  ERS-1  data,  the 
SARDPF  operator  Is  able  to  enter  auxiliary  data  which  Is  received  from 
the  EECF  via  the  CTN.  The  following  data  can  be  entered  by  the 
operator: 


•  ERS-1  satellite  ephemerls  data, 

•  ERS-1  satellite  time  correlation  parameters, 

•  ERS-1  SAR  processing  parameters. 


4.1.2.S  Maintenance  Operations 


The  SARDPF  operator  is  able  to  Invoke  the  following  system  operational 
tests: 


•  bit  error  rate  testing  of  a  HDTR  unit, 

•  operational  test  exercising  a  specific  processing  string  of  the 
SARDPF.  Ten  tests  are  provided  for  selection. 


4.2.1.6  Resource  Monltorin 


The  operator  Is  able  to  update  the  "In  servlce”/”out  of  service"  status  of 
resources  at,  or  external  to,  the  SARDPF. 


4. 1.2.7  System  Perfoi  mance  Reports 

The  operator  is  able  to  invoke  the  prlnt-out  and  purging  of  the  following 
SARDPF  system  reports: 


«  System  Event  Log, 

outlining  a  summary  of  time-stamped  system  events  over  a 
specified  time  period, 

•  Performance  Report, 

describing  a  summary  of  product  orders  processed  by  the 
SARDPF  in  terms  of  their  completion  status  over  a  specified  time 
period, 

•  SAR  Parameter  History, 

giving  a  comprehensive  summary  of  critical  SAR  processing 
parameters  over  a  specified  acquisition  time  window. 


Control  Component  Software  Functions 


The  Control  component  software  performs  all  the  necessary  resource 
allocation  and  control  In  response  to  the  activation  of  a  given  product 
order.  In  addition,  all  processing  requirements,  in  terms  of  work  orders 
for  the  GICS,  SARP  and  TR  subsystems,  are  determined,  distributed  and 
monitored. 


5.  RADARSAT  UPGRADE  PHASE 

For  the  Radarsat  upgrade  program  where  system  throughput 
requirements  will  be  higher,  It  is  anticipated  that  the  Control  and 
Management  components  will  reside  on  separate  host  processors.  In  this 
regard,  the  CM  subsystem  design  has  addressed  the  following  design 
goals: 

•  a  well-defined  Control/Management  interface  which  can  support 
independent  host  processors, 

•  capability  to  support  up  to  six  HDTR  units, 

•  capability  to  support  up  to  six  TCR  units, 

•  capability  to  support  up  to  six  TCG  units, 

•  capability  to  support  a  Radarsat  SAR  processor, 

•  capability  to  support  up  to  two  MWD  units. 
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ABSTRACT 

The  paper  describes  a  highly  shaped  beam 
telemetry  antenna  which  can  be  used  for  the 
RADARSAT  satellite  payload.  The  antenna 
comprises  a  symmetric  reflector  of  shaped 
profile  and  a  circularly  polarized  feed 
horn.  Three  solutions  of  antenna  are 
investigated,  the  first  one  that  Involves 
seventh-order  polynomials,  the  second  one 
that  Involves  the  geometrical  optics 
principle,  and  the  third  one  that  involves 
modified  geometrical  optics  principle. 
Computed  radiation  patterns  are  shown  for 
600  mm  and  800  mm  (dia. )  shaped  reflector 
antennas  in  free  space. 

INTRODUCTION 

RADARSAT  is  a  Canadian  satellite  which  will 
map  a  region  of  the  earth's  surface  using 
microwave  synthetic  aperture  radar  (SAR) 
techniques.  This  paper  describes  a  shaped 
beam  telemetry  antenna  suitable  for  re¬ 
transmitting  the  radar  data  back  to  an 
earth.  The  telemetry  coverage  area  extends 
In  all  directions  from  nadir  to  the 
horizon  as  seen  from  the  satellite.  The 
X-band  antenna  beam  Is  required  to  be 
circularly  polarized,  and  to  peak  sharply 
on  a  59.2  deg.  off-axis  annulus  to  provide 
compensation  for  range  and  atmospheric 
attenuation. 

The  antenna  comprises  a  centre-fed  shaped 
reflecor  and  a  horn  feed.  This  type  of 
antenna  has  been  designed  and  developed 
by  Kumar  Cl]  for  the  ERS-1  satellite.  In 
the  present  paper,  the  author  has  shown 
that  the  axial  ratio,  bandwidth  and  gain 
of  the  antenna  can  be  improved  to  meet  the 
system  requirements  for  the  RADARSAT 
telemetry  antenna. 

FEED  DESIGN 

The  feed  design  has  been  based  on  the 
approach  developed  by  Kumar  Cl-3).  It 
comprises  a  crossed-d i po 1 e  mounted  in  a 
feed  horn.  The  use  of  a  crossed-d lpo 1 e 
with  step  cup  ground  plane  provodes  a 
simple  and  efficient  method  for  echiving 


circular  polarization. 

Kumar  [4-6]  has  shown  that  the  dielectric 
lining  or  loading  can  Improve  the  axial 
ratio  and  gain  of  a  horn  antenna.  This 
technique  has  been  reported  by  Olver 
Ciarrlcoats  and  Raghavan  [?)  in  1988.  We 
have  used  a  similar  technique  to  Improve 
the  axial  ratio  and  gain  of  the  feed  horn. 

The  feed  horn  consists  of  a  piece  of 
circular  waveguide  with  steps.  Given  the 
dimensions  of  the  horn,  the  boundary 
condition  that  the  tangential  E-fleld  must 
vanish  on  the  perfectly  conducting  surface, 
is  used  to  set  up  an  integral  equation  for 
the  surface  current  density.  The  integral 
equation  is  then  solved  using  the  method  of 
moments,  and  once  the  currents  are  found,  the 
fields  are  readily  calculated.  This  method 
gives  more  accurate  results  for  small  horns 
than  the  simpler  aperture  models,  especially 
for  the  far-out  and  backlobe  radiation.  The 
agreement  between  experimental  and  theoretical 
radiation  patterns  is  excellent  C8-9J. 

We  have  designed  a  feed  horn  to  Increase  the 
bandwidth  of  the  antenna  from  2%  to  5X.  The 
feed  horn  has  been  built  and  tested  in  the 
frquency  range  of  8.0  to  8.4  GHz.  The  return 
loss  of  the  feed  horn  Is  better  than  -20  dB  In 
the  above  frequency  range  as  shown  in  Fig.  1. 
Also  shown  is  the  measured  return  loss  obtained 
for  the  ERS-1  telemetry  antenna  feed.  Figs. 

2a  and  2b  show  mounting  arrangements  of  the 
feed  horn  with  the  reflector.  Kumar  C9]  has 
described  a  detailed  design  and  radiation 
patterns  of  the  feed  horn. 

ANTENNA  DESIGN  AND  RESULTS 

The  optimization  of  the  different  para¬ 
meters  defining  the  antenna  reflector,  to 
obtain  the  required  shaped  beam,  has  been 
carried  out  by  means  of  software  developed 
at  AK  El ectromagnetique  using  the  follow¬ 
ing  approaches: 

(1)  seventh-order  polynomials, 

(2)  geometrical  optics,  and 

(3)  modified  geometrical  optics. 
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Fig.  3  shows  the  shaped  reflector,  a  stepped 
horn,  a  support  rod  and  a  coaxial  cable. 
Profiles  have  been  derived  for  a  reflector 
of  600  mm  diameter  using  the  software.  A 
computer-calculated  radiation  pattern  using 
seventh-order  polynomials  Is  shown  Fig.  4 
1101.  Fig.  5  shows  a  computed  radiation 
pattern  (using  geometrical  optics)  and  an 
experimental  one  at  8.3  GHz  111).  Figs.  6a 
and  6b  show  computed  radiation  patterns  of 
600  mm  and  600  mm  reflector  diameters, 
respectively.  The  shape  of  the  reflector 
can  be  optimized  to  achieve  desired 
radiation  pattern  for  the  RADARSAT  antenna 
using  modified  geometrical  optics  112). 

CONCLUSIONS 

Two  prototype  feed  horns  have  been  designed, 
built  and  tested  In  the  frequency  range  of 
8.0  to  8.4  GHz.  Computer  programs  are 
developed  to  design  shaped  beam  reflector 
at  AK  Electromagnetlque.  These  programs 
can  be  used  for  the  RADARSAT  telemetry 
antenna. 
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FIG.  1  RETURN  LOSS  VERSUS  FREQUENCY  FOR  TELEMETRY  ANTENNAS 


FIG.  2a  NEU  DEVELOPED  FEED  HORN  WITH  MOUNTING  ARRANGEMENT 
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AK  ELECTROMAGNETIQUE  INC. 

FIG.  2b  NEW  DEVELOPED  FEED  HORN  WITH 
MOUNTING  ARRANGEMENT 
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ANGLE  OF  ROTATION  IN  DEG. 


FIG.  a  A  COMPUTER-CALCULATED  RADIATION 
PATTERN  USING  SEVENTH-ORDER  POLYN I M I ALS 


ANGLE  OF  ROTATION  IN  DEG. 

FIG.  5  COMPUTED  (USING  GEOMETRICAL  OPTICS)  AND  MEASURED  RADIATION 
PATTERNS  OF  A  600  mm  DIAMETER  SHAPED  REFLECTOR  ANTENNA  AT  8.3  GHz. 
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ABSTRACT 

Microwave  Remote  Sensing  witlt  Synthetic  Aperture 
Radar  (SAR)  sensors  is  a  field  now  approaching  maturity. 
In  the  next  decade,  several  spaccbornc  SAR  systems, 
including  Radarsat,  E-ERS-1,  J-ERS-1,  SIR-C/X-SAR  and  the 
EOS  SAR,  will  be  put  into  orbit.  The  streams  of  SAR  images 
produced  by  these  systems  will  pose  a  considerable 
challenge  to  the  microwave  remote  sensing  community  in 
terms  of  understanding  their  information  content, 
regarding  the  properties  of  the  Earth's  surface.  There  is 
an  urgent  need  for  the  data  from  these  sensors  to  be  fully 
calibrated,  so  that  adequate  models  for  the  relationship 
between  radar  backscattcr  and  geophysical  parameters 
can  be  developed. 

In  this  paper  the  problem  of  routinely  calibrating 
SAR  data  is  discussed,  with  emphasis  on  some  of  the 
calibration  requirements  imposed  by  applications 
scientists.  Within  the  framework  of  the  Committee  on 
Earth  Observing  Sensors  (CEOS)  working  group  on  SAR 
Calibration  these  problems  arc  being  addressed  by  the 
engineers  and  scientists  responsible  for  calibrating  each 
national  sensor. 

KEYWORDS  :  SAR,  Calibration 

I.  INTRODUCTION 

Synthetic  Aperture  Radar  (SAR)  was  first  developed 
in  the  1950's  (1).  for  long-range  mapping  from  airborne 
platforms.  By  the  present  date,  the  field  has  matured  to  the 
point  where  several  space  agencies  throughout  the  world 
arc  poised  to  launch  their  own  spaccbornc  SAR  sensor  into 
orbit  (|2),  (3),  [4],  (5)  and  [6]),  ar.d  airborne  SAR's  for 
remote  sensing  abound.  A  new  generation  of  SAR  sensors 
is  coming  into  existence,  designed  to  be  operationally 
stable,  equipped  with  capabilities  such  as  multi-frequency, 
mullipolarization  data-galhcring,  interferometric  modes, 
widc-swatn  coverage,  etc.  The  iist  of  applications  for  SAR 
as  a  remote  sensing  tool  is  also  rapidly  expanding,  in  fields 
as  divcisc  as  oceanography,  forestry,  sea-ice  monitoring, 
planetary  exploration,  geology,  agriculture  and  terrain 
mapping. 

To  date,  none  of  the  SAR  sensors  which  have 
produced  commercially  available  data  have  been 
demonstrated  to  be  successfully,  reliably  and  rcpcatably 
calibrated.  Numerous  calibration  experiments  have  been 
attempted,  but  these  tend  to  yield  results  which  arc  only 
applicable  within  a  single  SAR  image  frame.  In  the  future. 
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calibrated  SAR  imagery  should  be  the  norm,  and  easily 
related  to  the  radar  backscattcr  of  the  scene,  c.g.,  via  a 
look-up  table  relating  image  pixel  number  to  c,  which  can 
then  be  provided  to  the  applications  scientist.  The  new 
generation  of  multi-channel  and  interferometric  SAR's 
mean  that  we  must  also  concern  ourselves  with  calibration 
of  relative  phase  between  (complex)  SAR  image  pixels.  The 
calibrated  SAR  image  product  should  be  repeatable,  from 
day  to  day  and  from  frame  to  frame;  stable,  within  an 
image  frame  and  between  channels,  and  its  accuracy 
known  and  understood. 

Much  lias  been  achieved  in  the  microwave  remote 
sensing  field  without  calibrated  SAR  images.  The  success 
of  the  SEASAT  SAR  (7)  is  a  case  in  point.  However,  to 
advance  to  the  quantitative  use  of  SAR  data,  as  opposed  to 
the  qualitative,  will  require  calibrated  images  to  become 
available  in  the  near  future.  We  have  reached  a  stage 
where  the  applications  scientist  who  wants  to  compare  data 
from  different  sensors,  extract  geophysical  parameters 
from  backscattcr  measurements  using  models,  carry  out 
multi-temporal  studies  over  large  areas,  build  up  a  database 
of  backscattcr  measurements  for  different  types  of 
tcrrain/incidcncc  angle,  etc.  will  not  be  able  to  proceed 
without  calibrated  SAR  data  products.  Also,  the  full  benefit 
of  the  new  multichannel  SAR's  will  not  be  fell  unless  the 
different  channels  can  be  properly  compared  with  one 
another  (8).  Another  concern  is  that  the  SAR  data- 
galhcring  and  processing  operations  should  be 
transparent  to  the  user,  so  that  the  applications  scientist 
docs  not  have  to  spend  his  time  checking  whether  the  data 
he  has  received  arc  of  adequate  quality  for  his  purposes. 

The  Committee  for  Earth  Observing  Sensors  (CEOS) 
has  established  a  Working  Group  on  SAR  Calibration  to 
addicss  some  of  these  concerns.  The  Group  held  its  first 
full  meeting  in  January,  1989  at  the  Jet  Propulsion 
Laboratory  in  Pasadena,  California,  to  tackle  the  problems 
of  assessing  SAR  performance,  establishing  common 
international  standards  and  definitions,  co-ordinate 
multinational  calibration  campaigns,  and  educate  the 
science  community  on  the  need  for  calibration  and 
methodology. 

In  this  paper,  an  overview  of  the  need  for  SAR 
Calibration,  from  an  applications  standpoint,  and  the 
problems  involved,  in  terms  of  practical  calibration,  is 
given. 
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II.  SCIENCE  REQUIREMENTS 

A  SAR  system  is  simply  a  high-resolution  active 
microwave  sensor,  capable  of  measuring  the  (complex) 
radar  reflectivity  of  a  surface,  in  its  ideal  realization,  a 
SAR  image  should  just  represent: 

o  (x,  y,  t,  0,  $,  X,  Ey,  Er)  ( 1 ) 

which  is  the  radar  cross-section  (amplitude  and  phase)  of 
the  scene  as  a  function  of  spatial  position  (x.y),  time  (l), 
viewing  geometry  (0,6),  radar  wavelength  (X)  and  the 
polarizations  of  the  transmitted  and  received 
clcctomagnclic  waves  (Ex,  Er).  This  measurement  should 
be  accurate  and  precise,  repeatable,  under  the  same 
conditions,  by  that  or  another  sensor.  To  the  majority  of 
users  of  SAR  data,  the  data  collection  and  processing  to 
produce  RCS  images  should  be  irrelevant,  except  where 
they  affect  the  quality  of  the  data.  For  example,  a  geologist 
should  not  need  to  know  whether  or  not  an  autofocus 
and/or  cluttcrlock  algorithm  had  been  applied  to  his/her 
data  during  processing,  unless  these  procedures  caused 
deteriorations  in  the  radiometric  and  geometric  quality  of 
his/her  images.  On  the  other  hand,  most  users  would 
probably  want  information  on  the  level  of  system  noise  in 
their  data,  since  this  could  directly  affect  their  results. 
Unfortunately,  quality  control  at  this  level  has  not  been 
available  to  most  users  of  SAR  data  in  the  past. 

The  interaction  of  the  electromagnetic  wave 
transmitted  by  a  radar  and  the  earth's  surface,  as  a 
function  of  frequency  and  polarization,  is  fairly  complex. 
Radar  measurements  of  surface  scatter  are  primarily 
sensitive  to  surface  roughness  and  dielectric  constant.  The 
composition  of  the  medium,  in  terms  of  particle  size  and 
orientation,  is  a  dominant  factor  in  volume  scattering.  In 
general,  longer  wavelengths  will  tend  to  penetrate  diffuse 
surface  boundaries  such  as  leaf  canopies  and  dry  alluvium. 
The  polarimctric  signature  of  the  backscattcr  is  influenced 
by  the  orientation  of  the  dominant  scatters,  and  multiple 
bounces  between  scatters. 

To  study  these  interactions  of  the  earth's  surface  (or 
near  -  surface)  with  microwave  radiation  quantitatively, 
using  imaging  radar,  adequate  calibration  is  usually 
necessary.  The  microwave  remote  sensing  scientist's  goal 
should  be  to  adequately  model  the  relationship  between 
some  geophysical  parameter,  X,  c.g.  soil  moisture  or 
biomass  density,  and  the  measured  radar  cross-section,  c  or 
o0.  The  model  need  not  be  a  direct  relationship  between  X 

and  c,  it  may  involve  a  correspondence  between  variations 

of  the  two  with  the  variables  given  in  (1),  c.g.  with  space 
and  lime.  The  predictive  nature  of  the  model  (forward 
problem)  can  usually  be  checked  if  the  SAP.  data  is 

calibrated  and  "ground  truth"  about  the  variations  of  the 

geophysical  parameter  arc  also  available.  Once  a  model 
has  been  demonstrated  to  adequately  and  reliably  describe 
the  relationship  (or  simply  correlation)  between  X  and  a  or 
dX  and  do,  it  can  then  be  used  to  routinely  classify  images 
in  terms  of  X  or  dX.  Further,  if  the  relationship  between  X 
and  o  can  be  shown  to  be  unique,  then  the  model  may  be 
inverted,  so  that  SAR  images  can  be  turned  directly  into 
maps  of  geophysical  parameters. 

There  arc  very  few  instances  published  in  the 
literature  of  unambiguous  relationships  which  have  been 
developed  between  geophysical  parameters  and  o  or  <jq. 
This  situation  must,  in  part,  be  attributed  to  the  lack  of 
routinely  calibrated  SAR  data.  In  certain  circumstances, 
the  use  of  context,  or  the  assumption  of  relative  calibration 
within  an  image,  have  enabled  the  unambiguous 
estimation  of  X  directly  from  SAR  imagery.  Examples 
include  SAR  images  of  the  ocean,  which  have  been  used  to 


map  surface  wind  speeds  and  gravity  wave-length  and 
direction  [9J,  and  SAR  images  of  ice  floes,  obtained  on 
diflcrcnt  days,  which  have  been  used  to  classify  ice  type 
(and  therefore  thickness)  and  to  plot  ice  motion  tracks 
[10],  (11).  Under  certain  viewing  conditions  and 

assumptions,  stereo  or  interferometric  SAR  data  have  been 
used  to  directly  estimate  surface  height  profiles  (12],  (13). 

With  calibrated  SAR  data  the  list  of  geophysical 
parameters  which  can  be  monitored  should  extend 
considerably.  In  Table  1  a  list  of  such  parameters  is  given, 
together  with  the  measurement  accuracy  requirements  for 
each,  taken  front  |9]  and  (14).  These  requirements  impose 
their  own  in  terms  of  absolute,  long-term  and  short-term 
relative  calibration  of  the  SAR  image  products,  which  arc 
also  given  in  the  Table.  These  requirements  arc  quite 
stringent;  to  satisfy  all  these  potential  uses  would  require 
absolute  calibration  of  ±ldB,  long-term  relative  calibration 
to  +0.5dB  and  short-term  relative  calibration  to  belter  than 
0  5dB  Calibration  requirements  for  polarimctric  SAR 
images  arc  discussed  in  (IS). 
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III.  PROBLEMS  INVOLVED  IN  PRACTICAL  CALIBRATION 

The  problems  involved  in  calibrating  a  SAR  Sensor 
can  be  revealed  by  examining  the  radar  equation 
appropriate  to  the  representation  of  backscatlcrcd  power, 
a.  In  its  most  general  form  (16),  this  is: 

Pt  GA  (0i)  LaG^  (9j)  X2  G,  c  Gp 
PI  =  (470^  +N  (2) 


To  radioinclrically  calibrate  a  SAR  image  (i.c.  to  obtain  an 
accurate  and  precise  estimate  of  a  from  P|),  each  of  the 
terms  in  (2)  must  somehow  be  measured.  The  transmitted 
power,  P(,  can  often  be  measured  using  a  power  meter,  in 
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which  case  the  accuracy  and  precision  of  that  instrument 
becomes  a  factor  in  the  overall  calibration  accuracy  and 

precision  The  two  antenna  gain  terms,  G^  (0,)  and  (0,), 

corresponding  to  the  transmit  and  receive  antennas,  arc 
functions  of  the  look  angle,  0,,  and  arc  major  sources  of 
calibration  uncertainty.  The  antenna  patterns  must  be 
known  very  precisely.  This  can  be  achieved  to  a  degree  by 
pre  flight  measurements  but  the  patterns  may  change 
once  mounted  on  the  platform  and  subjected  to  the  harsh 
environment  of  space  or  a  high-flying  aircraft  .  The 
patterns  must,  therefore,  be  re  measured  in  flight. 
Knowledge  of  the  patterns  themselves  is  not  sufficient,  the 
angle,  0L,  at  which  the  real  beams  are  pointing  must  also  be 
known.  The  radar  wavelength.  X,  can  be  determined  by 
preflight  system  tests.  The  receiver  gain  settings  can  also 
be  tested  before  launch  but  should  be  verified  in  flight 
using  a  known  signal,  such  as  a  sinewave  or  a  chirp, 
injected  into  the  receiver  front-end.  Propagation  through 
the  atmosphere  may  cause  attenuation,  LA.  Models  of  radar 
propagation  usually  predict  small  attenuation  except  at 

shorter  wavelengths  (X-Band)  in  the  presence  of  rain.  The 
range  delay  between  radar  and  target,  R,  can  be  calibrated 
if  the  electronic  delays  through  the  radar  system  arc 
known,  and  the  system  timing  is  calibrated  pre-flight. 

The  processor  gain,  Gp,  is  another  major  source  of 
error.  To  begin  with,  the  terms  in  the  processor  gain 

which  arc  invariant  must  be  calibrated  by  simulation  to 
determine  the  relationship  between  mean  power  in  versus 
mean  power  out  for  the  processor.  Any  range  dependence 
in  the  processor  gain  should  also  be  calibrated  in  this  way 
1 16].  The  processor  may  perform  many  functions,  besides 
the  basic  SAR  correlation.  An  error  in  any  of  the 
algorithms  involved,  c.g.  radiometric  correction,  dopplcr 
tracking,  range  cell  migration  correction,  PRF  ambiguity 
resolution,  look  extraction,  slant-to  ground  range 
conversion,  could  lead  to  an  error  in  the  radiometric 

calibration  of  the  final  image  product. 

The  system  and  background  noise,  N,  in  cq.  (  2) 
directly  affects  the  estimate  of  a  from  P|,  as  both  a  bias  and 

an  uncertainty  on  each  measurement.  The  bias  could  be 

removed  by  measuring  the  level  of  image  noise  in  a 
processed  sample  of  rcccivc-only-noisc  (RON)  data,  i.c. 

with  the  transmitter  turned  off.  The  remaining 

uncertainty  error  can  be  reduced  by  noncoherent 
averaging,  just  as  the  variation  due  to  speckle  in  radar 
measurements  can  be  reduced. 

The  quantity  we  wish  to  estimate  from  cq.  (  2  ),  a,  is 
often  replaced  by  normalized  radar  cross-section,  c0.  via 
the  relationship, 

<*  =  a0papg  (3) 

where  pa  and  pg  arc  the  azimuth  and  ground-range 
resolution  cell  sizes.  This  scents  straightforward,  except 
that  the  actual  image  pa  and  pg  may  vary  from  that  given  in 
the  specifications,  due  to  processing  error  (impulse 
response  broadening)  and  terrain  fluctuations. 

We  have  so  far  described  a  series  of  pre-flight  and 
internal  system  measurements  designed  to  enable  us  to 
estimate  a  or  o0  from  P(.  Unfortunately,  as  stated  in  (17), 
and  as  can  be  gathered  from  the  experiences  of  the 
international  SAR  community,  this  internal  calibration 
procedure  is  very  rarely  sufficient. 

In  addition,  external  targets  must  be  deployed  and 
the  resulting  images  calibrated,  to  'close  the  loop'  on  the 
internal  calibration.  This  external  calibration  procedure 


is  also  necessary  for  absolute  determination  of  a, 
verification  of  antenna  patterns  once  in-flight,  checking 
image  quality,  geometric  calibration  and  calibration 
between  channels  of  multi-frequency  and  multi¬ 
polarization  SAR's. 

External  calibration,  which  is  usually  done  by 
deploying  target  with  known  radar  properties  on  the 
ground,  brings  its  own  problems.  The  first  area  of 
concern  lies  in  uncertainties  in  the  radar  properties  of  the 
ground-based  devices  themselves,  which  should  be 
measured  or  at  least  built  to  some  standard  specification.  A 
second  problem  is  the  radar  background  contribution  of 
the  imaged  scene,  which  now  must  be  seen  as  a  nuisance 
in  measuring  radar  cross-section  of  the  calibration 
targets,  hence  the  term  'clutter'.  A  third  problem  with 
ground  calibration  is  the  relationship  between  single- 
point  calibration  measurements,  and  measurements 
averaged  over  large,  homogeneous  areas,  which  may  not 
be  straightforward. 

So  far,  we  have  addressed  the  problem  of 
radiometric  calibration  only.  Since  SAR  is  a  coherent 
imaging  sensor,  we  can  make  phase  measurements  which 
arc  related  to  the  target  -  dependent  phase  in  the  following 
way: 

4jtR 

$1  =  't,i+T-+-lt’i«giu  •♦■'frr  +  lt,p+  t’n  (4> 

where  <>|  is  the  image  phase  measurement,  and  <>,  arc  the 
phase  delays  through  the  transmit  and  receive  chains. 
4itR/X  is  the  phase  delay  due  to  round-trip  propagation  of 
the  radar  pulse,  tatg(;l  the  target-dependent  phase,  4>pis 
any  phase  errors  introduced  during  processing  and  <j>„  is 
the  total  phase  noise  (random  fluctuations)  introduced  by 
system  noise.  In  principle,  each  of  the  terms  in  (4)  can  be 
measured  by  internal  calibration.  In  practice,  accurate 
phase  calibration  (which  requires  path  length  delay 
measurements  to  within  a  fraction  of  a  wavelength)  has 
only  been  possible  using  known  ground  targets. 

IV.  THE  CEOS  SAR  CALIBRATION  WORKING  GROUP 

At  a  meeting  of  the  CEOS  Calibration  Working  Group 
(including  Oplical/IR/Microwavc  Active  and  Passive 
sensors  at  ESTEC  in  July,  1988,  it  was  decided  there  was  a 
need  for  a  separate  working  group  to  tackle  the  problem  of 

SAR  calibration.  The  new  group  had  its  first  meeting  at 

JPL  in  January,  1989,  which  was  attended  by  over  40 
engineers  and  scientists,  representing  the  national  space 
agencies  of  the  USA,  Canada,  Europe  and  Japan. 

The  SAR  Calibration  Working  Group's  charter  is  as  follows: 

1.  Establish  a  recommended  set  of  SAR  performance 

assessment  techniques  (i.c.,  quality  control). 

2.  Establish  a  recommended  set  of  standards  for 

calibration  techniques  (internal  and 
external),  formats  and  definitions. 

3.  Coordinate  !m!*ti*’!iHtiona^  calibration  campaigns  to 

develop  expertise  for  intra-sensor  and  cross- 
sensor  calibration. 

4.  Support  SIR-C/X-SAR/ERS-1  Calibration  activity  as 

focal  points  for  developing  common 

calibration  procedures. 

5.  Educate  the  science  community  (through  support  of 

papers,  seminars,  workshops)  on 
capabilitics/liinitations  of  SAR  sensors. 


233 


At  the  January  meeting,  representatives  of  each 
space  agency  outlined  their  own  progress  in  SAR 
Calibration  and  planned  activities  and  experiments  Tor  the 
future.  The  meeting  also  heard  the  results  and  status  of  a 
number  of  airborne  calibration  campaigns.  Technical 
highlights  included  a  presentation  by  L.  Grey  of  OCRS  on 
the  extraction  of  radiometric  measurements  front  point 
targets,  using  an  integrated  not  a  peak  value,  an  overview 
of  polarimctric  calibration  by  R.  Barnes  of  MIT/Lincoln 
Labs  and  a  novel  approach  for  polarimctric  calibration 
using  clutter  statistics  pul  forward  by  J.  van  Zyl  of  JPL. 

The  group  also  heard  from  the  University  of 
Michigan  on  multi-frequency,  polarimctric  scatlcromctcr 
calibration  and  the  U.S.  National  Institute  of  Standards  and 
Technology  on  their  microwave  antenna  calibration 
facility. 

Besides  tbc  tutorial  sessions  a  number  of  important 
areas  of  concern  were  identified  for  further,  concentrated 


effort  by  the 

group,  to  be  tackled  by  volunteer  teams: 

1. 

Image  Quality:  Norms  and  Techniques 

2. 

Calibration  Definitions 

3. 

Radar  Equation 

4. 

Calibration  Device  Deployment 

5. 

Error  Models 

6. 

Multi-sensor  Campaigns 

7. 

Processor  Calibration 

8. 

Polarimctric  Techniques 

9. 

Science  Requirements 

10. 

Internal  System  Calibration 

These  subject  areas  cover  the  whole  range  of  problems 
involved  in  SAR  calibration  which  have  been  described  in 
this  paper,  from  defining  the  scientific  requirements  to 

the  implementation  of  a  routine  calibration  procedure.  It 
is  the  responsibility  of  each  subject  team  (and  it's  leader) 
to  establish  a  set  of  goals  and  draft  a  white  paper  on  their 
chosen  subject  areas,  to  present  at  the  next  working  group 
meeting,  to  be  held  in  Italy,  ir  September.  The  aim  is  to 
publish  these  while  papers  in  the  open  'literature,  in 
journals  and  at  conferences,  and  eventually  a  text  on  SAR 

Calibration. 

ACKNOWLEDGEMENTS 

The  work  described  in  this  paper  was  carried  out 

by  the  Jet  Propulsion  Laboratory,  California  Institute  of 

Technology,  Pasadena,  California,  under  a  contract  with 
the  National  Aeronautics  and  Space  Administration. 


REFERENCES 

1.  Wiley,  Carl  A.  Pulsed  Doppler  Radar  Methods  and 
Apparatus,  U.S.  Patent  3,196,436,  Filed  August  13, 
1954,  patented  July  20,  1965. 

2.  Evans,  D.  and  Elachi,  C.,  Overview  of  the  Shuttle 
Imaging  Radar  (SIR-C),  in  Proc.  IGARSS  '88.  IEEE  88 
CH2497-6,  Vol.  II.  pp.  1015—1017. 

3.  Vcltcn,  E.  H.,  X-SAR,  A  New  Spaccbornc  SAR,  Proc. 
IGARSS  '88.  IEEE  88  CH  2497-6  Vol  II.  pp.  1018—1020. 

4.  Luscombc,  A.P.,  Taking  a  Broader  View:  Radarsat 
adds  ScanSAR  to  it  operations,  Proc.  IGARSS  '88,  IEEE 
'88  CH  2497-6,  Vol.  II,  pp.  1027—32. 

5.  Louct,  J.,  ERS-1  Operation  Capabilities,  Proc.  IGARSS 
'88.  IEEE  88  CH  2497-6,  Vol.  II,  pp.  855-858. 

6.  Kashihara,  H„  ct  al,  A  Case  Study  of  Space-borne  SAR 
System  Design  for  the  Earth  Resources  Satellite  (J- 
ERS-1),  Proc.  IGARSS  '86.  ESA  SP-215,  Vol.  I,  pp.  815 — 
820. 

7.  Ford,  J.  P.,  cl  al,  Scasat  views  North  America,  The 
Caribbean  and  Western  Europe  with  Imaging  Radar, 
JPL  Publication  No.  80-67,  November  1980. 

8.  Freeman,  A„  Curlandcr,  T.  C.  Dubois,  P.D.  and  Klein,  J. 
D.,  SIR-C  Calibration  Workshop  Report,  JPL  Center 
for  Radar  Studies  publication  No.  88-003,  November 
1988. 

9.  EOS  SAR  Instrument  Panel  Report.  NASA  publication, 
1988. 

10.  Lyden,  J.D.,  Burns,  B.A.  and  Maffett,  A.L., 
Characterization  of  Sea-lee  Types  Using  Synthetic 
Aperture  Radar,  IEEE  Trans,  on  Geoscience  and 
Remote  Sensing,  Vol.  GE-22,  No.  5,  pp.  431-439,  Sept. 
1984. 

11.  Curlandcr,  J.C.,  Holt,  B.  and  Hussey,  K.J., 

Determination  of  Sea-lee  Motion  using  Digital  SAR 
Imagery,  IEEE  Trans,  on  Oceanic  Engineering,  Vol. 
OE-10,  No.  4,  pp.358-367,  October  1985. 

12.  Lcbcrl,  F.,  ct  al,  SIR-B  Stcrco-Radargrammetry  of 
Australia,  International  Journal  of  Remote  Sensing, 
Vol.  9,  No.  5,  pp.  997—1012,  May  1988. 

13.  Goldstein,  R.  M.  and  Gabriel,  A.  K.,  Crossed  Orbit 

Interferometry:  Theory  and  experimental  results 

from  SIR-B,  International  Journal  of  Remote 
Sensing,  Vol.  9.  No.  5,  pp.  857—872,  May  1988. 

14.  Kwok,  R.,  private  communication. 

15.  Dubois,  P.  D.,  cl  al,  SIR-C  Science  Calibration 
Requirements,  to  appear  in  Proc.  IGARSS  '89, 
Vancouver  BC,  Canada,  July  1989. 

16.  Freeman,  A.  and  Curlandcr,  J.  C..  Radiometric 
Correction  and  Calibration  of  SAR  Images,  submitted 
to  Photogrammctric  Engineering  and  Remote 
Sensing,  March  1989. 

17.  Currie,  N.  C.  (cd.)  Techniques  of  Radar  Reflectivity 
Measurement,  publ.  Artcch  House,  1984. 


234 


PRACTICAL  SAR  RADIOMETRIC  CALIBRATION  MEASUREMENTS  AND  EXPERIMENTS 


Eric  S.  Kastschke 


Radar  Science  Laboratory 
Advanced  Concepts  Division 
Environmental  Research  Institute  of  Michigan 
Ann  Arbor,  Michigan  USA 


ABSTRACT 

The  philosophy  behind  and  approaches  to  radiometric 
calibration  of  SAR  imagery  are  discussed  In  this 
paper.  The  equations  necessary  for  absolute  and 
relative  calibration  of  SAR  Imagery  are  presented  and 
the  critical  terms  Identified.  The  effects  of  these 
critical  terms  on  calibration  are  discussed,  and 
approaches  for  the  field  experiments  necessary  for 
their  measurement  are  presented. 

KEYWORDS:  SAR,  radiometric  calibration,  calibration 
errors,  calibration  experiments 


1.0  INTRODUCTION 

The  subject  of  radiometric  calibration  of 
digitally-processed  data  collected  by  synthetic 
aperture  radars  (SARs)  has  typically  been  limited  to  a 
select  group  of  engineers  and  scientists  directly 
involved  with  a  specific  sensor  system.  Because  most 
SARs  to  date  have  been  experimental  In  nature  and  not 
operational,  or  primarily  used  for  mapping  purposes 
where  the  radiometric  precision  or  accuracy  of  the 
data  were  not  an  Issue,  potential  users  of  SAR  data 
have  either  accepted  the  often  steep  costs  associated 
with  calibration  of  their  data  or  limitations  In  the 
data  resulting  from  an  Incomplete  calibration  effort. 

The  experience  In  calibration  of  SAR  systems  has 
finally  reached  the  point  where  engineers  have  deve¬ 
loped  procedures  to  minimize  the  errors  of  those 
system  parameters  which  can  influence  radiometric 
calibration.  Given  the  fact  that  during  the  1990's  a 
host  of  spaceborna  SAR  systems  will  be  launched,  now 
Is  an  opportune  time  for  the  application  scientist  to 
develop  an  understanding  of  the  Issues  concerning 
radiometric  calibration  of  SAR  Imagery,  especially 
those  steps  necessary  to  Insure  the  SAR  data  being 
collected  by  future  systems  are  useful  for  the 
Intended  applications. 

The  purpose  of  this  paper  Is  threefold:  (1)  to 
review  the  equations  (and  the  required  parameters  for 
the  equations)  necessary  to  radlometrlcally  calibrate 
SAR  Imagery;  (2)  to  discuss  how  each  of  the  calibrati¬ 
on  parameters  can  be  obtained  by  the  end  user  of  the 
data;  and  (3)  to  discuss  alternatives  for  the  applica¬ 
tion  scientist  In  conducting  experiments  and  collect¬ 
ing  measurements  to  obtain  the  calibration  parameters. 

2.0  RADIOMETRIC  CALIBRATION  OF  SAR  IMAGERY 

In  this  paper  we  will  address  the  problem  of 


radiometric  calibration  of  a  single-frequency,  single- 
polarization  SAR  system.  We  will  not  address  cross¬ 
frequency  or  cross-polarization  calibration  Issues. 
Using  these  constraints,  three  levels  of  radiometric 
calibration  can  be  defined:  relative  wlthln-scene 
calibration,  which  concernes  with  comparison  of  radar 
signatures  from  two  different  areas  within  the  same 
SAR  scene;  relative  between-scene  calibration,  which 
concerns  comparison  of  radar  signatures  from  the  same 
or  different  areas  in  two  distinct  SAR  scenes;  and 
absolute  calibration,  which  concerns  how  well  the  SAR- 
predlcted  radar  cross  section  (a)  or  radar  scattering 
coefficient  (or*)  values  compare  to  the  actual  values 
contained  In  the  scene. 

In  order  to  radlometrlcally  calibrate  SAR  data, 
the  power  Intensity  recorded  on  the  SAR  Image  (Pj)  is 
related  to  a  or  cr*  via  the  radar  equation.  The  exact 
form  of  the  radar  equation  depends  on  both  the  radar 
system  utilized  as  well  as  the  manner  In  which  the 
data  are  digitally  processed  into  Imagery.  In  this 
paper,  we  utilize  the  equation  developed  by  Kasischke 
and  Fowler  (1989)  for  an  airborne  SAR  system.  The 
relationship  between  a'  and  Pj  Is  expressed  as 

a*  .  (Pj  -  HPn)  2(4t)3  r3  u  Tp  sin  6  (1) 

H  (1  +  M)  X3  Pav  g2G2 (0,<p)  rs 

where  H  represents  the  overall  system  gain  (from  the 
receiver  through  digital  processor),  Pn  is  the 
additive  noise  power  for  the  system,  R  Is  the  slant 
range  to  the  target,  u  Is  the  platform  velocity,  Tp 
Is  the  transmitted  pulsewldth,  6  Is  the  Incidence 
angle  to  the  target,  M  Is  the  multiplicative  noise 
ratio  of  the  SAR,  X  Is  the  wavelength  of  the  SAR,  Pay 
Is  the  average  transmitted  power,  g  Is  the  peak 
antenna  gain,  G (0,$)  Is  the  antenna  gain  pattern  as  a 
function  of  6  and  <p  (the  azimuth  angle  to  the  target), 
and  rs  Is  the  slant  range  resolution  of  the  SAR. 

Other  formulations  of  the  radar  equation  for  a 
SAR  exist,  and  the  major  difference  between  these  and 
Eg.  (1), usually  lies  In  theR3  term,  which  may  be  an 
R2  or  R  term  depending  on  now  ihe  data  are  processed. 

In  considering  methods  for  radiometric  calibra¬ 
tion,  the  parameters  defined  In  Eq.  (1)  can  be 
categorized  based  on  whether  the  parameters  arc: 

1.  Measured  Internally  or  externally; 

2.  Scene  dependent; 

3.  Range  variant;  or 

4.  Azimuth  variant. 
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2.1  INTERNAL  VERSUS  EXTERNAL  PARAMETERS 

Internal  radar  system  parameters  are  those 
variables  which  are  measured  by  the  radar  system 
itself  or  are  derived  directly  from  the  image,  and 
include  parameters  which  are:  (1)  fixed  (e.g.,  g,  X, 
Tn,  ?r);  (2)  derived  from  the  image  itself  (i.e,  Pj , 

pn>  rs)>  w)  recorded  or  assumed  radar  system  paramet- 
ers  (Pav,  u,  H,  M);  or  (4)  derived  from  a  combination 
of  system  and  image  measurements  (R,  6,  6) . 

External  radar  parameters  are  tnose  variables 
measured  with  the  aid  of  calibration  targets  deployed 
within  the  SAR  scene,  and  are  the  major  focus  for 
measurement  during  calibration  experiments.  These 
parameters  include  measurement  of  the  regions  of 
system  linearity  and  the  antenna  elevation  pattern 
[G(£?,0)] . 

2.2  SCENE-DEPENDENT  CALIBRATION  PARAMETERS 

This  category  contains  only  one  parameter,  the 
measured  image  intensity  (Pj).  This  parameter  is  the 
only  one  dependent  on  the  scene  itself,  specifically 
the  radar  cross  section  of  the  targets  within  the 
resolution  cell  of  the  SAR. 

2.3  RANGE-VARIANT  CALIBRATION  PARAMETERS 

There  are  a  group  of  parameters  [R,  8,  G(0,0)] 
which  are  range  dependent,  and  typically  are  calcu¬ 
lated  separately  for  each  pixel  during  the  calibration 
process.  These  parameters  are  obviously  dependent  on 
the  imaging  geometry  of  the  scene  being  collected  by 
the  SAR. 

2.3  AZIMUTH-VARIANT  CALIBRATION  PARAMETERS 

In  a  SAR  image,  the  azimuthal  dimension  can  be 
equated  to  the  time  over  which  certain  calibration 
parameters  can  change.  In  an  ideal  SAR  system,  every 
calibration  parameter  would  be  temporally  constant, 
i.e.,  they  would  never  change  over  the  operational 
lifetime  of  the  SAR.  Thus,  these  parameters  would 
only  have  to  be  measured  once.  However,  this  situa¬ 
tion  us  highly  unlikely  to  occur.  Some  parameters  are 
changed  deliberately  in  order  to  optimize  the  opera¬ 
tion  of  the  SAR.  These  parameters  include  the  overall 
system  gain  (H)  and  the  average  transmitted  power  Pav. 

Other  parameters  change  because  of  changes  In  the 
operational  environment.  For  instance,  for  future 
spaceborne  SAR  systems  using  large  array  antennas,  the 
heating  and  cooling  of  the  antenna  panels  by  solar 
illumination  will  lead  to  a  bending  and  warping  of  the 
antenna,  thus  changing  G {6,<p). 

The  temporal  stability  of  the  SAR  system  parame¬ 
ters  represents  one  of  the  major  hurdles  In  radiomet¬ 
ric  calibration  of  the  SAR.  An  awareness  of  the 
frequency  over  which  these  parameters  change  is  a 
strong  determinant  in  the  design  of  calibration  exper¬ 
iments. 

In  the  beginning  of  this  section,  we  discussed 
two  types  of  relative  calibration:  within-scene 
relative  calibration  and  between-scene  relative 
Calibration.  The  difference  between  these  two  types 
of  relative  calibration  is  basically  a  matter  of  how 
frequently  the  azimuth-variant  calibration  parameters 
change.  In  theory,  a  spaceborne  SAR  system  can 
collect  a  continuous  strip  of  Imagery,  which  complete¬ 
ly  circles  the  earth.  If  the  system  Is  stable,  then 
relative  calibration  between  two  parts  in  this 
continuous  image  would  always  be  within-scene,  even  if 
it  considered  two  different  Images  of  the  same  area 
collected  at  different  times.  However,  since  it  is 
likely  that  some  radar  system  parameters  change 


between  the  different  scenes,  then  in  the  context  of 
our  definitions,  we  would  be  faced  with  a  between- 
scene  calibration. 

2.4  SUMMARY 

In  Table  1,  we  present  a  summary  of  the 
different  categories  describing  the  calibration 
parameters.  The  combination  of  the  different 
categories  which  a  parameter  falls  into,  the  difficul¬ 
ty  in  measurement  of  the  parameter,  and  the  Influence 
of  that  parameter  on  the  overall  error  bound  for 
radiometric  calibration  all  contribute  to  the  strategy 


for  measurement  of  that  parameter. 

3.0  FUNDAMENTAL  CALIBRATION  APPROACH 

To  actually  calibrate  a  SAR  system,  we 
two  variables,  K  and  P‘,  where 

can  define 

K  =  2(4jr)3uTp 

(2) 

H  (1  +  M)  X3  Pav  g2  rs 

and 

pl  _  (P1  -  HPn)  R3  sin  Q 

(3) 

G 2 (0,0) 

Note  that  K  consists  of  those  terms  which  are 
primarily  azimuth  variant,  while  P*  consists  of  those 
terms  which  are  range  variant  or  scene  dependent. 
Using  Eqs.  (2)  and  (3),  Eq.  (1)  can  be  redefined  as 

ct°  =  K  P‘ 

(4a) 

or  as 

a *  (dB)  =  K  (dB)  +  P'(dB) 

(4b) 

if  we  transform  the  radar  equation  parameters  into  dB. 

In  order  to  understand  how  calibration  is 
achieved,  consider  the  following  example:  Assume  an 
area  with  a  large  number  different  targets  or  target 
areas  whose  radar  scattering  coefficients  range 
between  -10  and  40  dB  m2/m2  is  imaged  by  a  SAR. 
Furthermore,  assume  the  SAR  system  being  used  has  only 
30  dB  worth  of  dynamic  range,  and  that  an  attenuator 
in  the  receiver  of  the  SAR  defines  the  regions  where 
the  SAR  is  linear  to  0  S  o"  i  30  dB. 

Figure  1  presents  a  plot  of  ct'  plotted  against  P' 
for  this  example  data  set.  This  plot  Illustrates 
several  important  points  about  radiometric  calibration 
of  SAR  data^  First,  only  those  regions  of  the  SAR 
image  where  P^  is  within  the  linear  region  of  the 
system  response  curve  can  be  calibrated.  Thus,  an 
Important  measurement  for  any  calibration  experiment 
is  to  define  this  system  linearity  window. 

A  linear  regression  model  can  be  utilized  to 
determine  several  Important  calibration  parameters 
using  those  points  in  the  example  which  are  in  the 
linear  response  window.  The  basic  regression  model  is 

Yj  =  a  +  pt\  +  e^  (5) 

where  Yf  =  a" ,  a  =  K,  Xj  =  P',  p  =  1  (since  we  have  a 
linear  detector),  and  ej  is  the  error  term.  The 
parameters  a  and  e^  can  be  estimated  using  least 
squares  regression  techniques  (see  Kaslschke  and 
Fowler,  1989). 

By  using  the  K  value  determined  from  the  calibra¬ 
ted  reference  targets  in  the  examplee,  the  cr'  of  any 
other  target  in  the  scene  can  be  estimated  if  the 
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radar  system  parameters  In  Eq.  (3)  are  known  or  can  be 
estimated  and  if  40  S  P'  S  70.  The  additive  noise 
level  is  usually  determined  via  system  engineering 
measurements  and  R  and  9  can  easily  be  calculated  from 
the  radar  imaging  geometry.  The  most  difficult 
parameter  to  measure  in  Eq.  (3)  is  G (9,<f>).  If  this 
parameter  is  known,  calculation  of  a*  is  a  relatively 
straightforward  process.' 

The  scenario  outlined  above  represents  an 
Integral  part  of  the  basic  approach  utilized  to 
radiometrically  calibrate  a  SAR  system  in  an  absolute 
sense.  In  summary,  the  following  steps  are  used: 

1.  A  set  of  targets  whose  a  or  a •  values  are 
known  or  are  measured  are  Imaged  by  a  SAR 
system.  The  range  in  a  or  of  these 
targets  should  be  large  enough  to  span  the 
linear  response  envelope  of  the  SAR. 

2.  A  modified  linear  regression  model  (assuming  p 
=  1;  Kasischke  and  Fowler,  1989)  can  be  used 
to  estimate  K  for  the  SAR  system  using  the 
SAR-derived  P'  values  for  the  targets. 

3.  The  standard  error  of  the  regression  line 
(also  estimated  using  the  modified  regression 
model)  represents  the  relative  or 

absolute  calibration  level  of  the  SAR  (see 
Kasischke,  et  al.,1988). 

Next,  consider  the  case  where  the  objective  is  to 
calculate  a  a°  value  from  a  different  scene.  The 
equation  used  in  this  case  is 

o”  =  Kj  P[  /  K2  (6) 

where  the  1  subscript  represents  the  area  within  the 
new  scene  to  be  calibrated  and  the  2  subscript  repre¬ 
sents  the  scene  containing  the  calibrated  targets. 
There  are  two  basic  approaches  to  estimate  Kj:  (1) 
targets  whose  radar  cross  section  are  known  are 
deployed  .n  the  image,  and  Ki  Is  measured  directly  in 
the  same  manner  as  K2:  or  (2)  the  radar  system 
parameters  in  Eq.  (2)  are  accurately  measured,  and  the 
ratio  of  Kj/K2  is  calculated  based  on  the  relative 
changes  in  these  parameters  between  the  two  passes. 

For  relative  calibration,  we  have 

erf.  =  Kj  Pj  /  K2  P2  (7) 

where  the  1  and  2  subscripts  represent  areas  of  the 
scene(s)  to  be  calibrated  relative  to  one  another. 
For  relative  within  scene  calibration,  where  the  SAR 
system  is  stable,  Kj  /  K2  =  1.  Otherwise,  Kj  and  K2 
are  estimated  in  the  same  manner  as  for  absolute 
calibration,  i.e.,  either  by  measuring  the  parameters 
in  Eq.  (2)  directly,  or  by  using  a  reference  target 
within  the  scene  (not  necessarily  calibrated,  but 
whose  <7°  is  the  same  in  both  scenes). 


4.0  EFFECTS  OF  CALIBRATION  PARAMETER  ERRORS 

In  the  previous  section,  we  discussed  the  basic 
approaches  for  radiometric  calibration  of  SAR  Imagery. 
A  key  consideration  in  the  design  of  calibration 
experiments  is  the  effect  a  specific  parameter  has  on 
the  precision  and/or  accuracy  of  the  SAR,  The 
combination  of  these  effects  and  the  difficulty  in 
measuring  a  specific  parameter  determine  the  strategy 
employed  for  measuring  the  parameter. 

In  summary,  the  following  radar  parameters  must 
be  measured  or  estimated  In  order  to  radiometrically 
calibrate  an  image:  Pj,  HPn,  R,  9,  G {9,tp),  and  K.  The 
image  intensity,  range  and  incidence  angle  to  the 
target  area  can  all  be  measured  or  estimated  with  very 
little  error.  Thus,  the  uncertainties  in  the  calibra¬ 
tion  process  stem  mainly  from  the  measurement  errors 
associated  with  the  other  parameters. 


In  Figure  2,  a  plot  of  the  change  In  the  relative 
error  bound  for  radiometric  calibration  of  a  SAR  image 
based  on  the  error  In  estimation  of  two  key  calibra¬ 
tion  parameters  [K  and  G (9,<p)]  is  presented.  These 
bounds  were  calculated  using  the  error  model  of 
Kasischke  and  Fowler  (1989).  Two  cases  for  the 
antenna  gain  pattern  are  plotted,  since  for  absolute 
calibration  it  enters  the  calibration  equation  only 
once,  while  for  relative  calibration  It  enters  the 
equation  twice.  Clearly,  the  antenna  pattern  has  the 
most  significant  effect  on  the  relative  error  bound. 

The  effect  of  estimation  of  the  additive  system 
noise  level  (HPn)  on  the  relative  error  bound  Is 
somewhat  complex.  The  error  associated  with  the 
additive  noise  level  is  not  so  much  dependent  upon  the 
error  in  measuring  HPn,  but  on  the  slgnal-to-noise- 
ratio  (SNR)  of  the  Image  (I.e.,  Pj  /  HPn).  Based  on 
the  model  of  Kasischke  and  Fowler,  as  HPn  Pj,  the 
relative  error  bound  Increases  significantly,  as  il¬ 
lustrated  in  Figure  3.  From  this  plot,  it  can  be  seen 
that  in  order  to  minimize  the  calibration  errors,  the 
SNR  should  be  greater  than  6  dB. 

5.0  MEASUREMENT  OF  CALIBRATION  PARAMETERS 


It  is  hoped  that  the  discussions  in  the  previous 
sections  have  outlined  the  basic  approaches  and 
problems  associated  with  radiometric  calibration  of 
SAR  data.  Based  upon  the  discussions  in  the  previous 
sections,  the  following  list  represents  the  key 
measurements  required  for  radiometric  calibration  of  a 
SAR  image: 


1.  The  additive  noise  level  for  the  SAR  image; 

2.  The  system  linearity  window; 

3.  The  antenna  gain  pattern; 

4.  The  relative  values  of  all  parameters  In  Eq 
(2),  or  estimates  of  Kj  and  K2;  and 

5.  For  absolute  calibration,  an  external  measure¬ 
ment  of  K2  using  calibrated  reference 
targets. 


With  respect  to  these  five  areas,  items  1  through 
3  require  an  extensive  set  of  calibration  passes  over 
target  arrays  which  contain  highly  specialized  targets 
and  background  clutter  scenes.  It  is  Impractical  for 
each  user  to  collect  these  passes  and  analyze  the 
resultant  data  independently.  However,  the  parameters 
defined  by  these  flights  are  typically  provided  by  the 
operators  of  the  SAR  system.  Thus,  any  person  using  a 
SAR  for  experimental  purposes  should  request  these 
measurements  for  each  SAR  scene  they  utilize. 

With  respect  to  measuring  the  radar  parameters 
used  In  the  estimation  of  K,  two  alternatives  are 
aval  1 abl e : (1)  depend  on  the  system's  ability  to 
measure  each  parameter  used  to  estimate  K;  (2)  or 
deploy  calibrated  targets  so  that  K  can  directly  be 
estimated  from  the  scene  of  Interest.  If  the  first 
alternative  is  selected,  then  the  user  should  demand 
data  from  the  SAR  system  operators  which  demonstrates 
that  the  system  is  indeed  calibrated  to  the  extent 
that  K  can  be  accurately  estimated  using  Internal 
measurements  alone. 
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following  procedure  is  recommended: 


1.  Identify  a  target  size  which  will  be  large 
enough  to  be  in  the  middle  of  the  system  response 
envelope  of  the  SAR; 

2.  Deploy  the  targets  (approximately  6)  near  the 
area  of  interest  in  a  low  enough  clutter  background  so 
that  a  target-to-clutter  ratio  of  20  dB  is  achieved. 
This  is  necessary  to  minimize  the  errors  associated 
with  measurement  of  these  targets  by  the  SAR. 
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Although  most  experimental  airborne  SAR  systems 
in  operation  today  are  striving  to  develop  techniques 
to  internally  measure  the  parameters  necessary  to 
estimate  K,  in  the  author's  opinion  none  have  yet  to 
achieve  this  goal.  Thus,  it  is  in  the  best  interest 
of  those  wishing  to  utilize  these  systems  for  ex- 
peiimental  purposes  to  select  the  second  option. 

Unfortunately,  there  are  significant  costs  as¬ 
sociated  with  acquiring  and  deploying  calibrated 
ground  targets.  Today,  most  operators  of  airborne  SAR 
systems  usually  have  a  number  of  targets  at  their 
disposal,  and  it  is  well  worth  the  additional  costs 
associated  with  requesting  their  deployment. 

6.0  SUMMARY 

In  this  paper,  the  basic  approach  used  for  radio- 
metric  calibration  of  SAR  imagery  is  outlined  and  the 
issues  surrounding  measurement  of  the  parameters 
necessary  for  radiometric  calibration  have  been  dis¬ 
cussed.  Also,  the  critical  parameters  needed  by  the 
user  for  calibration  of  their  data  are  identified. 

Hopefully,  in  the  near  future  the  operators  of 
SAR  systems  will  progress  to  the  point  where  they 
routinely  provide  calibrated  data  to  the  user.  In 
addition,  through  the  convening  of  International 
Working  Groups,  such  as  the  Committee  on  Earth 
Observing  Satellites'  Working  Group  on  SAR 
Calibration,  it  is  hoped  that  an  approach  to 
radiometric  calibration  can  be  agreed  upon  so  that 
cross-calibration  of  different  SAR  systems  can  be 
achieved. 

TABLE  1 

SUMMARY  OF  CALIBRATION  PARAMETER  CATEGORIES 


Parameter 

Internal  or 
External 

Scene 

Dependent 

Range 

Variant 

Azimuth 

Variant 

ui 

Int 

yes 

yes 

yes 

HPn 

Int 

no 

yes 

yes 

R 

Int 

no 

yes 

no 

u 

Int 

no 

no 

yes 

Ip 

Int 

no 

no 

no 

& 

Int 

no 

yes 

no 

H 

Int 

no 

no 

yes 

M 

Int 

no 

yes 

yes 

X 

Int 

no 

no 

no 

Pav 

Int 

no 

no 

yes 

JL  V 

Ext 

no 

yes 

yes 

G («,#) 

Ext 

no 

yes 

yes 

Figure  1.  Plot  of  a"  vs  P1  for  Theoretical  Radar 
Targets 
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Figure  2.  Relative  Error  Bounds  for  G (9,<p)  and  K 


Figure  3.  Relative  Error  Bounds  for  Different  SNR 
Levels 
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Calibration  for  Airborne  SAR* 


R.K.  Hawkins,  T.l.  Lukowski,  A.L.  Gray,  C.E.  Livingstone 
Canada  Centre  for  Remote  Sensing 


Abstract 

('iililiwliwi  may  be  considered  to  have  many  facets-  radiometric,  geometric  (spatial),  and  interfer¬ 
ometric  (phase)  comparisons;  embracing  static,  temporal,  and  signal  dependent  measurement  variances; 
and  measurement  tolerances  dictated  by  radar,  processor,  and  application  or  scattering  space.  This  paper 
first  deals  generally  with  these  issues  but  concentrates  mainly  on  the  radiometry  of  airborne  SAR  and 
specifically  on  relative  and  absolute  radiometric  calibration  of  the  OCRS  airborne  SARs. 

Airborne  SAR  has  unique  calibration  difficulties  due  to  its  large  swath/height  ratio  when  compared 
with  the  satellite-borne  case  This  manifests  itself  in  strongly  varying  terms  in  the  radar  equation  with 
important  implications  for  image  interpretation  and  analysis.  Othbmlion  for  airborne  SAR  may  therefore 
lead  to  dissimilar  data  products  from  their  satellite  counterpart. 

Recommendations  for  data  acquisition  and  calibration  using  this  facility  will  also  be  presented,  along 
with  CCRS  plans  for  continuing  calibration  strategy,  emphasizing  the  implications  of  calibration  on  data 
utility. 


Keywords.  SAR.  calibration,  radar,  airborne,  remote  sensing 


1  Introduction 

Civilian  use  of  airborne  SAR  has  evolved  from  a  limited  research  activ¬ 
ity  to  an  operational  surveillance  reality  in  Canada  [1]  Internationally, 
there  are  now  at  least  8  airborne  SARs  for  civilian  remote  sensing  pur¬ 
poses  in  use  or  under  development  (2).  (1),  (3],  (4j,  (5),  (6),  |7],  [8] 
This  rapid  progression  has  occurred  through  the  recursive  influences  of 
sensor/p'ocessor  performance  potential  and  user  requirements  and  has 
resulted  in  production  of  high  quality  imagery  in  multi-polarizations  and 
multi-frequencies  in  near  real  time 

In  parallel  with  this  technological  evolution,  fostered  by  the  combi¬ 
nation  of  digital  processing  and  control  systems  with  more  powerful  and 
reliable  hardware,  has  been  a  growth  in  user  sophistication  and  applica¬ 
tion  requirements  Digital  image  processing  techniques,  temporal  and 
other  comparative  studies,  and  more  recently,  innovative  data  require¬ 
ments,  such  as  the  polarimetric  scattering  matrix  (9).  (10],  have  pushed 
calibration  into  vogue  as  an  important  issue.  Despite  this  enthusiasm, 
there  will  remain  several  useful  applications  of  SAR  for  which  calibration 
is  unimportant  (r  ,i/.  some  land,  ocean,  and  ice  mapping  requirements) 
and  others  for  which  only  relative  calibration  is  required  (r.r/.  change 
detection). 


( 'iilibwlinn  may  be  considered  to  have  many  facets:  radiometric, 
geometric  (spatial),  and  interferometric  (phase)  comparisons;  embrac¬ 
ing  static,  temporal,  and  signal  dependent  measurement  variances;  and 
measurement  tolerances  dictated  by  radar,  processor,  and  application  or 
scattering  space.  Figure  1  shows  this  riilibiiilwn  rulir  which  shows  the 
interconnections  of  these  aspects  [11].  In  this  general  sense,  we  can  see 
that  calibration  cannot  be  simply  considered  in  the  narrowness  of  one 
scene  or  application  but  embraces  a  much  broader  scope.  The  perceived 
importance  of  SAR  calibration  can  be  seen  in  the  recent  formation  of 
a  CEOS  working  group  dealing  with  the  many  issues  which  relate  to 
it.  Application  requirements  analysis  by  this  group  indicates  that  an 
absolute  calibration  accuracy  between  0.5  and  1.0  dB  is  desireable  even 
though  it  is  well  known  (12]  that  due  to  fading  measured  data  fluctuates 
much  more  than  these  figures. 

Many  attempts  (13],  (14],  (15),  (16),  (17],  [18]  at  airborne  SAR  cali¬ 
bration  have  been  made  with  mixed  success  and  sophistication.  Current 
plans  3t  CCRS  include  consideration  of  the  radiometric  and  geometric 
planes  of  the  calibration  cube  although  new  projects  involving  exten¬ 
sions  of  the  current  system  to  include  interferometry  and  polarimetry 
will  reqime  phase  calibration.  Radiometric  calibration  seems  to  be  the 
obvious  first  step. 


*To  be  presented  at  IGARSS'89.  Vancouver,  July.  1989 
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OEOUETSiC  RADIOUETSIC  CITERrEKOUETWC 


This  heuristic  device  is  intended  to  show  the  interconnections  and  multi- 
dimens'onality  of  the  calibration  problem. 


2  Radiometric  Calibration 

Table  1  shows  the  main  identified  radiometric  calibration  issues  for  the 
radiometric  plane  of  the  cube,  as  it  applies  to  the  CCRS  SAR. 

Tnblc  1:  Radiometric  Plane  of  Calibration  Cube. 


INSTANTEOUS  TEMPORAL  SIGNAL  DEPENDENT 


-STC 

-System  changes 

-Dynamic  range 

-Ambiguities 

-Drifts  in  gain 

-Saturation 

-Antenna  pointing 

-Antenna  pointing 

-Linearity 

-Polarization  sensi¬ 
tivity 

-Quantization 

-Thermal  stability 

-Quantization 

-Band  pass  filters 

-Motion  Compensa¬ 
tion 

-System  noise 

-Antenna  pattern 

-Aliasing 

-Aliasing 

-Power 

-Power 

-RF  Interference 
-Gains 

-RF  Interference 

-focus 
-Bandwidth 
-Computational  effi¬ 
ciency 

-Multi-looking 

-Processor  change 

-Dynamic  range 

-Target  pointing 

-Signal  to  Clutter 

-Speckle 

-Slope/area  effect 
-Local  0t„, 

-Soil  moisture 

There  are  several  available  approaches  to  SAR  calibration.  One 
of  these  involves  perfoiming  a  systems  analysis  and  determining  all  of 
the  gains  and  losses  in  the  system  including  radar  and  processor.  This 
usually  leads  to  some  undetermined  parameter  which  often  contains  the 
antenna  gain  or  other  uncertainties  concerning  the  processor  or  radar. 
To  circumvent  these  difficulties,  an  end-to-end  approach  to  calibration 
is  often  adopted  as  has  been  shown  by  researchers  at  ERIM  [18]  for 
instance.  End-to-end  calibration  may  involve  using  distributed  or  point 
targets  and  both  approaches  have  their  own  proponents  and  inherent 
difficulties. 

The  following  relations  have  been  used  (r.r/.  [19])  in  slightly  different 
form  for  distributed  and  point  target  imaging  by  SAR: 
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-received  powei  from  a  distributed  target  in  the  image  pixel, 
-received  power  from  the  point  target  in  the  image  pixel, 

-average  transmitted  power, 

-ground  speed  of  the  platform, 

-wavelength, 

-azit  »uth  resolution. 

-slant  range  resolution, 

-backscattcring  coefficient, 

-radar  cross  section  of  the  point  target,  assumed  to  be  constant 
over  '>*, 

-range  to  the  pixel, 

-STC  function  {See  (3),|, 

-average  antenna  gain  over  the  j)i ousted  beam  width, 

<C,rU>)>=  ^l/hrUhtW  . 

-antenna  elevation  and  azimuth  co-ordinates. 

-incidence  angle, 

-two-way  antenna  pattern  including  the  radonie. 

-atmospheric  attenuation  coefficient, 

-receiver  gain  function, 

-processor  efficiency, 

-link  budget  loss  factor  which  includes  losses  due  to  the  transmis¬ 
sion  line,  couplings  c!c., 

— with  th*  off  {$••  (^)  ] 

-range  of  azimuth  antenna  angle  used  in  the  processed  bandwidth 

C 


In  these  relations,  which  explicitly  involve  the  impulse  function  width, 
we  have  included  terms  for  noise,  atmospheric  attenuation,  system  gains, 
clutter,  and  interference  required  for  the  discussion  below.  The  STC 
function  is  given  in  section  2.1  with  its  implication  for  airborne  SAR 
imagery  interpretation. 
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Monitoring,  where  possible,  changes  in  each  of  the  terms  in  these 
equations  is  an  essentia!  systems  requirement  to  understanding  the  cali¬ 
bration  stability  and  producing  anything  other  than  piecemeal  calibrated 
products  as  underlined  by  Attema  [20). 

2.1  STC  Implications  for  Airborne  SAR  Interpretation 

In  the  CCRS  SAR  (21),  a  time-dependent  gain,  known  as  STC,  is  applied 
before  digitization  to  reduce  the  dynamic  range  of  the  signal  and  to 
produce  a  relatively  'flat'  image  product  This  is  a  iiuir/r/  relationship 
based  on  antenna  gain,  terrain  reflectivity,  and  a  zero  relief  earth.  The 
foim  of  the  STC  function  >s  given  in  (3)  and  may  be  seen  to  cover  the 
range-depender.r  terms  in  (1).  Here,  if'*  is  the  nominal  boresight  angle 
of  the  antenna. 

i  _  <j jui <>") .  "  (:() 

r/s/r  ~  /{'sin fi.„, 

rile  STC  function  for  a  model  n  law  for  land  is  shown  in  Fig  2 
for  the  two  high-resolution  modes.  The  large  and  complex  dynamic 
rouge  (  a  .tri  dB  for  nail.r  geonvtry)  is  related  to  the  wide  range  of 
ineidence  angles  imaged  in  an  airborne  SAR.  Because  the  swath/height 
ratio  is  high,  special  consideration  is  required  that  is  not  present  for  the 
satellite-borne  SAR1  These  include 

•  dynamic  range  of  output, 

•  variation  of  hackscatter  with  incidence  angle, 

•  vaiiation  of  radar  contrast  with  incidence  angle. 

Most  researchers  would  therefore  require  not  an  absolutely  calibrated 
(#/•)  image,  but  a  relatively  calibrated  product  which  includes  the  STC 
function 


iTgiue  2.  STC  Function  for  CCRS  SAR. 

Two  curves  arc  shown.  The  dashed  curve  is  for  the  nan  ow  swath  mode 
of  the  radar  which  covers  an  incidence  angle  range  of  ~  -IS”  -  ~  7<>°. 
The  full  curve  is  for  the  nadir  mode  which  covers  0"  -  7-1°.  In  each 
case  STC  gain  is  plotted  against  the  range  pixel  across  the  swath  for  a 
nominal  flying  height  of  20000  ft  and  HH-polarization  at  C-band. 

'As  an  example  'lie  total  swath  of  the  ERS  i  SAR  will  subtend  an  angle  of  ~  7  . 
whereas  —  TV  are  imaged  in  the  wain  mode  of  the  CCRS  airborne  SAR 


3  Calibration  Strategy 

Data  from  the  CCRS  SAR  is  processed  either  by  an  on-board,  real-time, 
SAR  processor  (RTSP)  or  through  ground  based  processing  as  explained 
in  [21).  Because  the  compression  gain  for  i  point  target  is  usually  high, 
and  the  RTSP  is  an  8-bit  processor  with  o' her  restraints,  work  using  the 
RTSP  with  point  targets  is  not  usually  possible  and  the  overall  strategy 
is  to  work  with  the  more  flexible  ground  processor,  establish  calibration 
parameters  there,  and  then  using  distributed  targets,  make  the  transfer 
to  the  real-time  product  where  necessary. 

3.1  Data  Acquisition 

During  data  acquisition,  there  is  an  automatic  logging  of  many  param¬ 
eters  on  the  MAID  system  [21]  which  are  implicit  parts  of  the  radar’s 
function.  Flight  parameters  include:  altitude,  attitude,  position,  vertical 
acceleration,  and  horizontal  velocities.  Antenna  parameters  include:  po¬ 
larization,  depression  angle,  azimuth  angle.  Radar  parameters  include: 
power,  PRF,  range  delay,  system  gains,  and  clutter  lock  parameters 

To  first  order,  fluctuations  in  the  motion  parameters  are  fully  com¬ 
pensated  by  the  motion  compensation  system.  Higher  order  effects  indi 
cated  in  Table  1,  such  as  antenna  steering  biases,  clutterlock  swings,  and 
INS  (inertial  navigation  system)  errors,  will  necessarily  require  postflight 
analysis. 

The  recommended  complete  flight  acquisition  consists  of: 

(A)  -recording  of  'imagery'  in  signal  and  fully  compressed  forms, 

(B)  -recording  of  ancillary  .1/. I II)  parameters, 

(C)  -a  noise  record  with  the  transmitter  off  but  all  other  system  pa¬ 
rameters  fixed, 

(D)  -a  BITE  (built  in  test  equipment)  oscillator  recording  used  to 
monitor  a  reference  signal  through  the  system. 

3.2  Absolute  Calibration:  An  Area  Approach 

The  use  of  point  targets  for  specific  scene  calibration  has  been  estab¬ 
lished  in  several  investigations  (14),  (13),  [22].  In  many  of  these  studies, 
the  peak  response  of  the  point  target  has  been  used;  however,  Gray 
[23]  has  shown  that  this  depends  rather  strongly  on  the  processor  focus 
and  resolution  whereas  the  integrated  response  from  the  point  target  is 
weakly  dependent  on  these  parameters.  For  this  reason,  we  suggest  it 
is  more  suitable  to  use  an  area  approach  as  illustrated  in  Fig.  3,  despite 
the  apparent  success  obtained  by  other  investigators  [22]. 


[ 

1  • 

B  j  A 

I'igriK' Area  Approach  to  Calibration. 

The  point  target,  together  with  its  sidelobes,  are  contained  in  area,  A. 
Area,  B,  contains  A  and  the  excluded  area  B-A  contains  representative 
clutter  and  noise  similar  to  that  present  in  A. 
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In  calculating  the  integrated  image  power,  it  is  necessary  to  use  the 
fact  that  image  points  are  separated  by  ,i„  in  slant  range  and  />.,  m 
azimuth  If  we  assume  that  energy  is  conserved  and  SAR  processing 
or  ‘compression’  is  an  energy  redistribution  process  (24)  (tempered  by 
inefficiency  associated  with  weighting),  then  it  can  be  shown  that 
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Here- 

I  -calibration  constant  from  image  units  to  in'. 

!»,  -background  subtracted  image  power  associated  with  the  point  tar¬ 

get. 

t\,  -pixel  amplitude  value  for  alii  line  and  jtli  pixel, 

-pixel  amplitude  for  the  rtli  line  and  range  pixel  of  target 

II  -image  space  containing  whole  area 

II  -  1  -image  space  excluding  the  point  target. 

\  ii-  i  -number  of  pixels  in  II  -  I 
\  n  -number  of  pixels  in  II. 

it,,  , ,  -corresponding  scattering  coefficient  of  distributed  target  contained 
in  the  same  range  line  having  amplitude 
n  -ground  projected  area  of  the  pixel  in  in'  ii  = 

\ ,  -noise  profile  for  pixel  j  with  transmitter  off,  for  pixel  /.  and 

1/  -number  of  azimuth  lines  averaged  for  noise  M  >  'run 

By  subtracting  the  background  in  this  way,  both  the  effect  of  av¬ 
erage  clutter  and  noise  in  the  point  target  image  are  removed  It  has 
the  advantages  of  removing  any  system  biases  and  uses  direct  mea¬ 
surements.  It  does  mil  cover  the  interference  term  in  (2)  and  a  high 
signal-to-clutter  ratio  is  still  required  (25). 

3.3  Relative  Calibration 

In  rela'ive  calibration,  two  or  more  images  are  to  be  compared  using  one 
as  a  reference  In  the  analysis  below,  a  point  target  is  assumed  to  be 
imaged  at  approximately  the  same  range  in  each  scene  to  be  used  as  a 
reference  for  undetermined  drifts  in  the  system  although  a  distributed 
target  may  also  be  used  When  the  images  were  obtained  at  the  same 
flying  altitude  and  geometry,  the  following  relationship  may  be  used 
to  correct  for  the  effects  of  system  drifts-’,  noise,  power  fluctuations, 
target  cross  section,  STC  law,  and  antenna  pointing. 
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’  This  may  also  determined  from  cal  generators  as  suggested  by  Larson  (18)  and 
In  the  CCRS  system  a  Blit  facility  is  also  provided  for  this  purpose 


Here: 

r!,  -corrected  amplitude  of  the  processed  image  for  the  data  at  line  r 
and  pixel  j. 

I \t  -corresponding  uncorrected  amplitude. 

/*»  -integrated  image  response  given  by  target  given  by  (5). 

a,  -radar  cross  section  for  the  point  target  in  the  scene, 

i)  ‘  -a f  hml  antenna  boresight  setting, 
d,  -incidence  angle  of  the  jth  pixel,  and 

lit  /  -indicates  the  function  is  evaluated  for  the  reference  image  value. 

This  technique  hos  been  applied  to  niulti*temporal  data  in  Saskatchewan 
as  described  in  (26). 


4  Future  Plans 

A  major  obstacle  to  routine  calibration  in  the  airborne  SAR  is  uncertainty 
in  the  antenna  gain  function  (27).  The  absolute  calibration  scheme 
indicated  above,  therefore  implies  that  onlg  imagery  obtained  in  the 
same  angular  range  in  which  the  point  target  is  located  is  'calibrated1. 
Other  lines  in  the  image  depend  on  an  uncertain  antenna  gain  function. 
It  follows  that  this  gain  should  be  measured  as  closely  as  possible  and 
estimates  made  of  its  dependence  on  pointing. 

CCRS  has  underway  two  approaches  to  determine  this  pattern.  One 
involves  a  3-D  mockup  of  the  underside  of  the  Convair-580  and  antenna 
range  measurements.  The  second  is  a  rough  target  analysis  (28).  With 
these  measurements,  it  should  be  possible  to  extend  measurements  to 
the  full  range  of  the  image  although  the  tolerances  may  not  be  as  small 
as  0.5  dB 

System  linearity  and  performance  is  being  studied  as  part  of  the 
engineering  assessment  of  the  instrument.  Indications  to  date  are  that 
these  are  more  than  adequate. 

A  host  of  second  order  calibration  errors  are  also  being  investigated 
and  analysis  being  carried  out  to  quantify,  reduce,  where  necessary,  and 
compensate  where  possible.  These  relate  principally  to  motion  compen¬ 
sation  and  antenna  steering  systems.  Extensions  to  the  geometric  and 
interferometric  planes  of  the  calibration  cube  are  also  under  study. 
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I.  Abstract 

Many  of  the  experiments  proposed  for  the  forthcoming  SIR-C  mission 
require  calibrated  data,  for  example  those  which  emphasize  1)  deriving 
quantitative  geophysical  information  (e.g.  surface  roughness  and  dielec¬ 
tric  constant),  2)  monitoring  daily  and  seasonal  changes  in  the  earth’s 
surface  (e.g.  soil  moisture),  3)  extending  local  case  studies  to  regional  and 
worldwide  scales,  and  -1)  using  SIR-C  data  with  other  spaceborne  sensors 
(e.g.  EHS-1,  JERS-1  and  Radarsat).  There  are  three  different  aspects 
to  the  SIR-C  calibration  problem,  radiometric  and  geometric  calibration 
which  has-c  been  previously  reported,  and  polarimctnc  calibration  which 
is  the  topic  discussed  in  this  paper.  We  report  here  on  a  study  under¬ 
taken  to  determine  science  requirements  for  polarinietric  calibration.  A 
model  describing  the  effect  of  miscalibration  is  presented  first,  followed 
by  the  description  of  specific  experiments  and  the  resulting  requirements 
levied  on  the  system.  We  also  discuss  the  effects  of  miscalibration  on 
some  commonly  used  measures  which  can  be  extracted  from  SAR  data. 
We  conclude  that  polarimctnc  calibration  requirements  arc  strongly  ap¬ 
plication  dependent  and  a  compromise  has  to  be  made  to  maximize  the 
domain  of  application  of  the  data  without  prohibitive  cost  impact.  A  set 
of  numbers  summarizing  SIR-C  polarimctric  calibration  goals  will  con¬ 
clude  this  paper. 

Keywords:  Calibration  Requirement,  SIR-C 
I.  Introduction 


iments.  The  applications  we  cover  in  this  study  ate  polarization  synthesis 
and  determination  of  surface  roughness.  The  effects  of  system  distortion 
on  some  measures  commonly  used  in  analysis  of  polarimetric  SAR  images 
arc  also  discussed.  The  terminology  and  definitions  have  previously  been 
defined  [2],  (3)  and  will  not  be  repeated  in  this  paper. 

2.  Model  Description 

The  model  is  an  attempt  at  representing  the  effects  of  the  residual 
distortion  remaining  after  the  calibration  process.  The  results  of  this 
study  will  therefore  put  requirements  on  the  calibration  process.  Let  S 
be  the  scattering  matrix  characterizing  the  backscattcr  properties  of  an 


where  Sm,  Sa„,  and  arc  complex  numbers. 

The  effects  of  the  residual  miscalibration  of  the  system  after  the  cal¬ 
ibration  process  arc  modeled  as  follows.  The  scattering  matrix  is  multi¬ 
plied  by  two  matrices  representing  the  distorting  effect  of  the  receiving 
path  and  the  emitting  path  (the  ideal  residual  miscalibration  matrices  Er 
and  Et  arc  the  identity  matrix).  A  noise  matrix  is  added  to  the  system. 

SD=  En  S  Et  +  N  (2.1) 

with: 


One  of  the  most  important  problems  confronting  scientists  is  that 
of  understanding  the  earth  as  a  system.  As  a  step  in  this  direction,  in¬ 
vestigators  analyzing  Shuttle  Imaging  Radar  (SIR-C)  data  will  perform 
a  series  of  gcoscicntific  experiments  leading  to  understanding  the  pro¬ 
cesses  governing  the  biogeochemical,  climatic  and  hydrologic  cycles  of  the 
earth.  These  large-scale  physical  process  studies  will  rely  on  our  ability 
to-  1)  extract  biogeophysical  parameters  from  SIR-C  data;  2)  intercom- 
pare  multitemporal  SIR-C  data  sets,  and  3)  analyze  SIR-C  data  sets  in 
conjunction  with  other  data  sets.  Deriving  quantitative  geophysical  infor¬ 
mation  (e.g.  surface  roughness  and  dielectric  constant),  monitoring  daily 
or  seasonal  changes  in  the  Earth’s  surface  or  cover  (e.g.  soil  moisture  or 
plant  biophysical  parameters),  and  extending  local  case  studies  to  regional 
or  world-wide  scales,  using  SIR-C  data  alone  or  in  conjunction  with  other 
spaceborne  radars  (e.g.  ERS-1,  J-ERS-1,  Radarsat,  Eos  SAR)  all  require 
calibrated  data. 

There  are  two  different  aspects  to  the  SIR-C  calibration  problem, 
radiometric  calibration,  which  allows  scientists  to  compare  backscattcr 
coefficients,  and  polarimetric  calibration  which  allows  quantitative  theo¬ 
retical  modeling.  I’olariinctry  requires  precise  measurement  of  the  phase 
and  amplitude  of  a  signal  on  four  different  data  channels.  Therefore  the 
data  have  to  be  calibiatcd  in  both  amplitude  and  phase.  Radiometric  cal¬ 
ibration  requirements  have  been  outlined  in  the  SIR-C  Science  Plan  [1], 
The  study  described  in  this  paper  is  an  attempt  at  deriving  the  science 
requirements  on  the  polarimetric  calibration  for  the  SIR-C  mission.  A 
model  representing  the  effects  of  the  residual  distortion  of  the  polarimclcr 
data  after  calibration  is  presented  This  distortion  model  is  then  applied 
to  specific  examples  of  possible  experiments.  The  approach  used  makes  no 
pretense  of  analysing  all  the  possible  applications  of  the  SIR-C  data  set. 
Further  study  is  required  to  determine  the  feasibility  of  additional  exper¬ 
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where  Er  is  the  residual  miscalibration  of  the  receiver  system,  Et  the 
residual  miscalibration  of  the  transmitter  system  andJV  the  noise  matrix, 
ai  and  02  represent  the  mismatch  between  the  like-pol  channels.  They 
arc  complex  numbers  to  account  for  a  phase  difference  (different  path 
length)  and  an  amplitude  difference  (difference  m  gain).  The  c’s  arc  also 
complex  numbers.  They  represent  the  crosstalk  between  channels  and 
are  a  mcasure  of  the  channel  isolation.  The  N’s  in  the  noise  matrix  are 
independent  random  variables  with  a  Gaussian  distribution,  zero  mean 
and  a  variable  standard  deviation  t?  .  The  model  was  further, simplified 
by  setting  aj  =  02  =  a  and  c<  =  c  for  all  i. 


3.  Polarization  Synthesis 

When  the  scattering  matrix  is  known,  we  can  synthesize  any  polar¬ 
ization  setup  of  the  antennas  (3): 


V=  hj  S  h,  and  P=  VV  (3.1) 

where  V  is  the  field,  P  its  power,  hr  and  h, : the  polarization  vec¬ 
tors  of  the  receiving  and  transmitting  antennas,  S  the  scattering  matrix. 
Polarization  synthesis  is  a  procedure  used  jn  many  applications  such  as 
optimal  polarization  (d)  and  polarization  filtering  [5],  Given  a  scattering 
matrix  S,  we  compute  the  distorted  Stokes  matrix  Sa-  We  then  compare 
the  powers  ( P  and  Pd)  obtained  from  a  given  pair  of  polaization  vectors 
(the  formation  of  P  and  Pd  is  illustrated  in  Fig.  3-1).  In  order  to  quan¬ 
titatively  estimate  the  impact  of  the  distortion  on  the  synthesis  process, 
we  define  a  normalized  RMS  error  6  as  follows. 
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vetted  to  a  Stokes  matrix  format  (8).  In  this  process,  the  scattering  matrix 
is  symmetrized.  After  symmetrization,  neglecting  higher  order  terms,  (as¬ 
suming  She  <  Su  or  <  and  c  small)  (2.1)  can  be  written  as  follows: 


where  the  domain  D  over  which  the  integration  is  performed  is  the  com¬ 
plete  set  of  possible  polarization  setups  of  the  system,  i.e.,  the  orientation 
angles  of  the  receiving  and  transmitting  antennas  vary  independently  be¬ 
tween  0°  and  180°  as  the  cllipticity  angles  vary  between  -45°  and  45°.  6 
is  a  normalized  RMS  error  in  synthesis. 

We  investigated  several  target  types:  Ocean,  smooth  lava,  rough  lava, 
a  forested  area  and  an  urban  area.  Table  3.1  summarizes  the  distortion 
resulting  from  6  cases  of  miscalibration  for  different  types  of  target.  The 
ocean  and  the  lava  are  the  most  sensitive  targets.  The  Svv  term  in  the 
case  of  the  ocean  is  much  larger  than  any  other  term  of  the  scattering 
matrix;  a  small  channel  imbalance  or  crosstalk  distortion  has  therefore 
a  large  impact  on  the  synthesis.  A  similar  but  not  as  pronounced  efTcct 
occurs  for  smooth  lava.  Note  the  RMS  error  is  very  sensitive  to  crosstalk 
error.  For  example,  a  change  in  crosstalk  from  -30<f D  to  -25 dD  results 
in  a  change  in  RMS  error  of  2 dB.  The  RMS  error  is  not  as  sensitive  to 
the  other  parameters. 

Next,  we  vary  the  standard  deviation  of  the  noise  matrix  which  is 
related  to  the  Signal  to  Noise  Ratio  (SNR)  (Fig.  3-2)  .  To  keep  the 
contribution  of  noise  to  the  total  error  6  below  -12.5  dB,  we  need  an  SNR 
of  better  than  20 dB  for  all  targets  investigated. 

4.  RMS  Height  determination 

Many  geoscientiflc  investigations  require  information  about  surface 
roughness.  For  example,  The  RMS  height  of  the  Cima  lava  flow  in  the 
Mojave  desert  of  California  decreases  at  first  due  to  weathering  and  de¬ 
position  of  wind-blown  material,  then  stream  development  reverses  the 
phenomenon  (sec  Fig.  4-1,  which  shows  RMS  heights  of  lava  flows  plotted 
against  age)  [6],  Therefore  knowledge  of  the  RMS  height  is  an  important 
factor  in  dating  flows  in  a  relative  way. 

Quantitative  interpretation  of  surface  roughness  relics  on  the  Stokes 
matrix  representation.  It  is  a  more  complete  way  to  describe  the  scatter¬ 
ing  properties  of  a  surface  than  the  scattering  matrix  as  it  can  include 
some  depolarization  cfTcets  like  multiple  scattering. 

In  this  example,  we  compare  the  RMS  heights  obtained  from  a  Stokes 
matrix  and  its  distorted  counterpart.  Given  an  RMS  height,  a  Stokes 
matrix  M  is  first  obtained  using  a  second-order  Bragg  mode  developed 
at  JPL.  A  distorted  Stokes  matrix  Mj  is  computed  and  then  inverted  to 
give  a  distorted  estimate  of  RMS  height  (the  algorithm  used  is  shown  in 
Fig.  4-2).  Four  RMS  heights  were  studied:  0.1cm,  2cm,  4cm  and  0cm. 
Figure  4-3  plots  the  variation  of  the  estimated  RMS  height  as  a  function 
of  amplitude  of  o  and  c.  The  phase  of  a  lias  no  effect  in  this  case.  When 
the  amplitude  of  a  is  0 dB  or  the  amplitude  of  <  is  -30 dB,  the  error  in 
the  estimate  of  RMS  height  is  ncgligable.  If  an  estimation  accuracy  of 
2cm  for  the  RMS  height  is  desired,  the  requirements  on  the  system  are  a 
maximum  amplitude  of  0.3 dB  for  parameter  a  and  a  maximum  amplitude 
of  -30 dB  for  c.  The  operation  that  inverts  the  Stokes  matrix  to  give  the 
RMS  height  relics  only  on  the  normalized  Stokes  matrix.  The  absolute 
backscattcr  coefficient  (the  1,1  element  of  the  Stokes  matrix)  is  not  used 
to  determine  the  RMS  height. 

5.  Science  Calibration  Goals  for  SIR-C 

Both  examples  developed  in  this  paper  show  the  importance  of  c,  the 
crosstalk  term  and  we  conclude  that  the  residual  crosstalk  c  should  not 
exceed  -30 dB.  While  the  derivation  of  surface  roughness  may  be  less 
stringent,  polarization  synthesis  requirements  on  a  are  :  Amplitude  of  o 
less  than  ±0.2dfl  (OAdB  two-way),  Phase  of  a  less  than  5°  (10°  two-way). 
Recommended  calibration  goals  are  summarizes  in  Table  5.1. 

The  next  section  analyzed  the  impact  of  these  calibration  require¬ 
ments  on  some  parameters  extensively  studied  in  the  polarimetric  litera¬ 
ture  (7j. 

0.  Miscalibration  and  noise  distortion 
on  some  commonly  used  parameters 

bp  to  now, only  a  few  polarimetric  parameters  such  as  the  relative 
amplitude  of  Sn/S«»,  the  phase  difference  between  Shh  and  5„v,  have 
generated  a  widespread  interest  in  the  scientific  community  .  In  this 
section,  the  expected  distortions  due  to  miscalibration  and  due  to  noise 
arc  evaluated  separately  for  these  parameters. 

In  the  Jet  Propulsion  Laboratory  DC-8  airborne  SAR  system,  which 
is  in  many  respects  a  test-bed  for  SIR-C,  the  output  products  arc  con- 


Su  a  Shh  +  Nhh 

Si  =  Si  =:  |(5vk  +  She)  +  ((Shh  +  oS,v)  +  i(M„  +  Nvh) 

Si  =  a3S,„  +  JV„  (0.1) 

where  superscript  *  indicates  distortion.  Note  the  dependence  of  cross- 
pol  measurements  on  the  system  isolation,  c,  and  the  relative  levels  of 
the  like-  and  cross-pol  backscattcrs.  Because  of  this  target  dependence,  it 
is  difficult  to  establish  a  singular  requirement  for  the  cross-pol  measure¬ 
ments. 


C.l  Distortion  due  to  Miscalibration: 

The  distortion  due  to  residual  miscalibration  is  analyzed  here.  The 
N  matrix  in  (2.1)  is  set  to  zero  as  the  impact  of  noise  will  be  studied  in 
the  next  section.  From  (6.1),  we  have,  for  a  comparison  of  the  like-pol 
measurements: 


Si  .  Sj 

c  &  cd» 
*hh  •  *hh 


c* 


Shh 


|o4| 


(0.2) 


The  relative  amplitude  of  See/Shh  is  multiplied  by  the  channel  imbalance 
term  squared.  Therefore,  a  channel  imbalance  of  ±0.2dJ?  will  result  in  a 
relative  error  of  ±0.4dfl  which  is  an  acceptable  error. 

The  phase  difference  error  between  Shh  and  S„v  due  to  miscalibration 
can  also  be  computed. 


Arg(Si  Si)  Of  Arg(Shh  Si)  +  2  Arg(a)  (0.3) 


The  bias  between  the  phase  differences  introduced  by  the  miscalibration 
is  10°  for  the  SIR-C  experiment.  Relying  on  our  experience  in  polarimc- 
try,  this  distortion  is  acceptable.  Phase  comparisons  between  like-  and 
cross-pol  measurements  are  again  complicated  by  their  dependence  on  the 
target  properties,  as  well  as  system  distortion. 

Because  the  distortion  model  is  deterministic  and  in  scattering  ma¬ 
trix  format,  neither  the  channel  imbalance  nor  the  crosstalk  will  create  a 
depolarization  effect,  (i.e.  the  pedestal  height  of  the  polarization  signa¬ 
tures  will  not  changed). 


0.2  Distortion  due  to  noise: 

The  noise  is  now  assumed  to  be  the  only  distortion  factor;  the  En 
and  Et  matrices  in  (2.1)  are  replaced  by  identity  matrices. 

The  elements  of  the  noise  matrix  N  are  assumed  to  be  independent 
random  Gaussian  variables  with  zero  mean  but  the  same  standard  de¬ 
viation,  a.  It  follows  that  the  Stokes  matrix  corresponding  to  the  noise 
matrix  is  of  the  form: 


<  Ms  > 


0 

0 

.  0 


0  0  0\ 
0  0  0 
0  0  0 
0  0  0/ 


(6.4) 


where  <  >  denotes  spatial  averaging.  This  is  equivalent  to  adding  the 
constant  <r5  to  the  total  signal  power.  While  all  other  terms  in  the  noise 
Stokes  matrix  have  zero  mean,  they  still  introduce  distortion  in  the  target 
Stokes  matrix. 

We  also  have: 


<SiSih>  =  <  ShhS’hh  >  +  <r’  (6.5) 

<  Si  Si  >  =  <  SvvSi  >  +  <rJ  (6.6) 

The  average  value  of  the  return  power  is  increased  by  <zJ  for  ShhS’hh 
and  SvvS’m.  It  can  also  be  shown  that  noise  has  a  similar  effect  on  the 
average  power  of  the  signal  synthesized  for  any  polarization  of  the  receive 
and  transmit  antennas. 

For  the  phase  comparison  of  the  like-pol  terms,  we  have: 

Arg(<SiSi>)  = 

Arg(<  ShhSi  >  +  <  NhhNi  >  +  <  ShhNi  >  +  <  NhhNi  >) 

=  Arg(<  ShhSlv  >)  (6.7) 

assuming  that  the  noise  terms  are  uncorrelatcd  with  each  other  and  with 
the  Shh  and  S„„  terms.  The  argument  of  the  spatially  averaged  cross- 
product  St.hSl,  is  independent  of  the  noise  level  but  the  RMS  variation 
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verted  to  a  Stokes  matrix  format  (8].  In  this  process,  the  scattering  matrix 
is  symmetrized.  After  symmetrization,  neglecting  higher  order  terms,  (as¬ 
suming  Shv  <  Shh  or  <  Svl,  and  c  small)  (2.1)  can  be  written  as  follows: 


where  the  domain  D  over  which  the  integration  is  performed  is  the  com¬ 
plete  set  of  possible  polarization  setups  of  the  system,  i.c.,  the  orientation 
angles  of  the  receiving  ami  transmitting  antennas  vary  independently  be¬ 
tween  0°  and  180°  as  the  clhpticity  angles  vary  between  —45°  and  *15°.  6 
is  a  normalized  RMS  error  in  synthesis. 

We  investigated  several  target  t>  pcs  Ocean,  smooth  lava,  rough  lava, 
a  forested  area  and  an  urban  area.  Table  3.1  summarizes  the  distortion 
resulting  from  G  eases  of  nmcalibration  for  different  types  of  target  The 
ocean  and  the  lava  arc  the  most  sensitive  targets  The  term  in  the 
case  of  the  ocean  is  much  larger  than  any  other  term  of  the  scattering 
matrix;  a  small  channel  imbalance  or  crosstalk  distortion  has  therefore 
a  large  impact  on  the  synthesis.  A  similar  but  not  as  pronounced  effect 
occurs  for  smooth  lava.  Note  the  RMS  error  is  very  sensitive  to  crosstalk 
error.  For  example,  a  change  in  crosstalk  from  -30 dD  to  -25dR  results 
m  a  change  m  RMS  error  of  2 dD.  The  RMS  error  is  not  as  sensitive  to 
the  other  parameters. 

Next,  we  vary  the  standard  deviation  of  the  noise  matrix  which  is 
related  to  the  Signal  to  Noise  Ratio  (SNR)  (Fig.  3*2)  .  To  keep  the 
contribution  of  noise  to  the  total  error  6  below  *12.5  dB,  we  need  an  SNR 
of  better  than  20 dB  for  all  targets  investigated. 

4.  RMS  Height  determination 

Many  geoscientific  investigations  require  information  about  surface 
roughness.  For  example,  The  RMS  height  of  the  Cima  lava  flow  in  the 
Mojave  desert  of  California  decreases  at  fust  due  to  weathering  and  de¬ 
position  of  wind-blown  material,  then  stream  development  reverses  the 
phenomenon  (see  Fig.  4-1,  which  shows  RMS  heights  of  lava  flows  plotted 
against  age)  (6).  Therefore  knowledge  of  the  RMS  height  is  an  important 
factor  in  dating  flows  m  a  relative  way 

Quantitative  interpretation  of  surface  roughness  relies  on  the  Stokes 
matrix  representation.  It  is  a  more  complete  way  to  describe  the  scatter¬ 
ing  properties  of  a  surface  than  the  scattering  matrix  as  it  can  include 
some  depolarization  effects  like  multiple  scattering. 

In  this  example,  we  compare  the  RMS  heights  obtained  from  a  Stokes 
matrix  and  its  distorted  counterpart.  Given  an  RMS  height,  a  Stokes 
matrix  M  is  first  obtained  using  a  second-order  Bragg  mode  developed 
at  JPL.  A  distorted  Stokes  matrix  A/<*  is  computed  and  then  inverted  to 
give  a  distorted  estimate  of  RMS  height  (the  algorithm  used  is  shown  in 
Fig.  4-2)  Four  RMS  heights  were  studied.  0  Icm,  2cm,  4cm  and  Gem 
Figure  4-3  plots  the  variation  of  the  estimated  RMS  height  as  a  function 
of  amplitude  of  a  and  c.  The  phase  of  a  lias  no  effect  in  this  case  When 
the  amplitude  of  a  is  OdB  or  the  amplitude  of  c  is  -30dR,  the  error  in 
the  estimate  of  RMS  height  is  ncgligablc.  If  an  estimation  accuracy  of 
2cm  for  the  RMS  height  is  desired,  the  requirements  on  the  system  arc  a 
maximum  amplitude  of  0.3tfZ?  for  parameter  a  and  a  maximum  amplitude 
of  -30dZ?  for  (.  The  operation  that  inverts  the  Stokes  matrix  to  give  the 
RMS  height  relics  only  on  the  normalized  Stokes  matrix.  The  absolute 
backscattcr  coefficient  (the  1,1  element  of  the  Stokes  matrix)  is  not  used 
to  determine  the  RMS  height. 

5.  Science  Calibration  Goals  for  SIR-C 

Both  examples  developed  in  this  paper  show  the  importance  of  (,  the 
crosstalk  term  and  we  conclude  that  the  residual  crosstalk  <  should  not 
exceed  -30c ID.  While  the  derivation  of  surface  roughness  may  be  less 
stringent,  polarization  synthesis  requirements  on  a  are  :  Amplitude  of  a 
less  than  ±0.2 dD  {QAdB  two-way),  Phase  of  a  less  than  5°  (10°  two-way). 
Recommended  calibration  goals  are  summarizes  in  Table  5  1 

The  next  section  analyzed  the  impact  of  these  calibration  require¬ 
ments  on  some  parameters  extensively  studied  in  the  polarimetric  litera¬ 
ture  j7j. 

G.  Miscalibration  an<l  noise  distortion 
on  some  commonly  used  parameters 

Bp  to  now  .only  a  few  polarimetric  parameters  such  as  the  relative 
amplitude  of  Shh/SVVt  the  phase  difference  between  Shh  ami  Svv,  have 
generated  a  widespread  interest  in  the  scientific  community  .  In  this 
section,  the  expected  distortions  due  to  miscalibration  and  due  to  noise 
arc  evaluated  separately  for  these  parameters. 

In  the  Jet  Propulsion  Laboratory  DC-8  airborne  SAR  system,  which 
is  in  many  respects  a  test-bed  for  SIR-C,  the  output  products  arc  con- 


S*h  x  Sf,i,  + 

=  S.*  —  *  &*)  +  ‘C®**  +  nS.v)  +  +  W„>i) 

SVJ„  =  aJ5w  +  (0.1) 

where  superscript  d  indicates  distortion.  Note  the  dependence  of  cross- 
po)  measurements  on  the  system  isolation,  c,  and  the  relative  levels  of 
the  like-  and  cross-pol  backscattcrs.  Because  of  tins  target  dependence,  it 
is  difficult  to  establish  a  singular  requirement  for  the  cross-pol  measure¬ 
ments 


G.l  Distortion  due  to  Miscalibration: 

The  distortion  due  to  residual  miscalibration  is  analyzed  here  The 
N  matrix  in  (2.1)  is  set  to  zero  as  the  impact  of  noise  will  be  studied  in 
the  next  section.  From  (6.1),  we  have,  for  a  comparison  of  the  like-pol 
measurements: 


5d  cd» 

cd  C  d* 

° hh 


Stv  '  S.v 
Shh  .  SJU 


(0.2) 


The  relative  amplitude  of  5v„/Sm,  is  multiplied  by  the  channel  imbalance 
term  squared.  Therefore,  a  channel  imbalance  of  ±0.2dB  will  result  in  a 
relative  error  of  ±0AilB  which  is  an  acceptable  error. 

The  phase  difference  error  between  St,\  and  Svt  due  to  miscalibration 
can  also  be  computed. 


Arg(Sih  S*)  ~  Arg(Shk  S;„)  +  2  /lrj(o)  (0.3) 


The  bias  between  the  phase  differences  introduced  by  the  miscalibration 
is  10“  for  the  SIR-C  experiment.  Relying  on  our  experience  in  polarimc- 
try,  this  distortion  is  acceptable.  Phase  comparisons  between  like-  and 
cross-pol  measurements  arc  again  complicated  by  their  dependence  on  the 
target  properties,  as  well  as  system  distortion. 

Because  the  distortion  model  is  deterministic  and  in  scattering  ma¬ 
trix  format,  neither  the  channel  imbalance  nor  the  crosstalk  will  create  a 
depolarization  clfcct.  (i.c.  the  pedestal  height  of  the  polarization  signa¬ 
tures  will  not  changed). 

G.2  Distortion  due  to  noise: 

The  noise  is  now  assumed  to  be  the  only  distortion  factor,  the  En 
and  Et  matrices  m  (2.1)  are  replaced  by  identity  matrices. 

The  elements  of  the  noise  matrix  N  arc  assumed  to  be  independent 
random  Gaussian  variables  with  zero  mean  hut  the  same  standard  de¬ 
viation,  a.  It  follows  that  the  Stokes  matrix  corresponding  to  the  noise 
matrix  is  of  the  form: 


<  Mn  >= 


0  0  0\ 
0  0  0  | 
0  0  0 
0  0  0/ 


(0.-1) 


where  <  >  denotes  spatial  averaging.  This  is  equivalent  to  adding  the 
constant  <72  to  the  total  signal  power.  While  all  other  terms  in  the  noise 
Stokes  matrix  have  zero  mean,  they  still  introduce  distortion  in  the  target 
Stokes  matrix. 

We  also  have: 


<  >  =  <  ShhS'hh  >  +  a1  (0.5) 

<  SiXl  >  =  <  S.vSv*v  >  +  S  (6.6) 

The  average  value  of  the  return  power  is  increased  by  for  SssSJ,, 
and  svvs;v.  It  can  also  be  shown  that  noise  lias  a  similar  effect  oil  the 
average  power  of  the  signal  synthesized  for  any  polarization  of  the  receive 
and  transmit  antennas. 

For  the  phase  comparison  of  the  like-pol  terms,  we  have: 

Ar0(<  SthSt  >)  = 

Arg(<  Sm,S£„  >  +  <  >  +  <  SssA^,,  >  +  <  >) 

=  /lry(<  SmS;„  >)  (6.7) 

assuming  that  the  noise  terms  arc  uncorrclatcd  with  each  other  and  with 
the  Sxx  and  terms.  The  argument  of  the  spatially  averaged  cross- 
pruuuct  is  independent  of  the  noise  level  hut  the  RMS  variation 
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will  clearly  depend  on  the  noise  level  hi  the  data  channels. 

7.  Conclusion 

It  should  be  noted  that  the  recommended  calibration  requirement; 
derived  here  rely  on  specific  experiments  Polaruuctry  is  still  at  an  inves¬ 
tigation  stage  and  its  applications  arc  expected  to  increase  in  the  futuie 
as  the  scientific  community  develops  familiarity  with  polarimctric  data 
sets.  It  follows  that  the  calibration  requirements  imposed  on  the  3IR-C 
system  may  be  over  constraining  for  some  experiments  while  not  strict 
enough  for  some  others  Therefore,  a  complete  analysis  of  the  required 
calibration  accuracy  for  every  planned  experiment  should  be  compared  to 
the  calibration  requirements  imposed  on  SIR-C  to  see  how  adequate  the 
SIR-C  data  will  be  to  this  experiment. 

The  model  used  here  is  a  first  step  to  simulate  the  effect  of  miscalibra- 
tion  The  deterministic  approach  and  the  assumption  that  the  distortion 
remains  constant  throughout  one  synthetic  aperture  are  the  mam  weak¬ 
nesses  of  the  model 

Finally,  polarimctry  is  not  a  standalone  tool.  For  example,  in  the 
ease  of  RMH  height  determination,  the  radiometric  information  can  be 
very  useful  as  the  pixel  brightness  depends  on  the  roughness  of  the  corre¬ 
sponding  area.  If  this  information  is  used  together  with  the  polarimctric 
information,  the  resulting  requirements  on  polarimetric  calibration  accu¬ 
racy  may  become  less  strict  In  general,  an  efficient  experiment  will  rely 
on  all  the  available  information,  taking  advantage  of  the  multidimcnsion- 
ality  of  the  data  set  multipolarimctry,  multifrcquency  and  radiomctry. 
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■  SYNTHESIS  OPERATION 
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Figure  3.1:  Synthesis  Test  Procedure 


Table  3.1:  Normalized  RMS  error  on  synthesis  (4  )  for 
different  target  types  for  some  miscalibration  parameters 
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Figure  4.1:  Variation  of  RMS  Height  as  a  Function  of 
Age  of  Lava. 


Figure  3.2:  Normalized  RMS  error  on  synthesis  (4  )  for 
different  target  types  as  a  function  of  SNR. 
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Figure  4.2:  RMS  1, eight  Test  Procedure 


AMPLITUDE  OF  a  IN  dB 


Figure  4.3:  Estimated  RMS  height  versus  Amplitude  of 
ciianncl  imbalance. 


AMPLITUDE  OF  E  IN  dB 


Figure  4.4:  Estimated  RMS  height  versus  Amplitude  of 
crosstalk  (c). 


Polarimetrie  Amplitude  Imbalance  (2-way)  ±0.4dZ? 
Polarimctric  Relative  Phase  Calibration  (2-way)  ±10° 
Polarimetrie  Cross-talk  error  <  -30 dB 
Signal-to-Noise  Ratio  >  20 dB 

Table  5.1:  SIR-C  Calibration  Goals 


S1R-C  CALIBRATION  PROCEDURES 
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The  Shuttle  Imaging  Radar-C  (S1R-C)  mission  is  part  of  an  on-going 
spaccbornc  SAR  program  by  NASA/JPL,  which  will  culminate  in  the 
EOS  polar  platform  SAR  towards  the  end  of  the  century.  SIR-C  is 
unique  in  that  it  will  be  the  first  multi-frequency,  multipolarization 
SAR  to  operate  from  space.  The  sensor  will  collect  fully  coherent, 
polarimetric  backscatter  information  (HII,  HV,  VH  and  VV 
polarization)  at  two  frequencies  (L-  and  C-Band)  about  the  earths 
surface  and  will  also  collect  backscatter  data  in  one  X-Band  channel. 

This  paper  will  describe  project-recommended  appioachcs  for 
calibrating  SIR-C  images,  using  calibration  devices  such  as  corner 
reflectors  transponders  and  receivers  deployed  on  the  ground.  The 
recommendations  will  include  the  correct  procedures  to  be  adopted 
by  SIR-C  Principal  Investigations  to  locally  calibrate  their  image  data, 
near  to  their  site  of  scientific  interest.  The  paper  will  also  describe 
the  project  calibration  plans  for  SIR-C,  which  will  include  both 
external  calibration  at  major  sites  around  the  SIR-C  orbit  track,  and 
calibration  routines  internal  to  the  sensor  itself.  Finally,  the  expected 
calibration  accuracies  for  SIR-C  images  will  be  presented. 

The  research  described  in  this  paper  was  carried  out  by  the  Jet 
Propulsion  Laboratory,  California  Institute  of  Technology,  under  a 
contract  with  the  National  Aeronautics  and  Space  Administration. 
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Analysis  of  the  SAR-580  Calibration  Campaign  data  collected  in  1981, 
brought  in  to  attention  a  number  of  factors  which  appear  to  have 
influenced  both  the  design  of  the  ERS-1  SAR  and  its  associated  image 
processing  techniques. 

The  principal  problem  with  the  SAP.-550  data  was  that  due  to  an 
instability  in  the  transmitter  system  the  transmitted  waveforms  were 
very  different  from  their  nominal  specification.  Additionally,  the 
waveforms  varied  from  pass  to  pass.  Fortunately  replica  pulses  were 
recorded  as  part  of  an  on  board  echo  simulator.  This  replica  data 
was  extracted  and  used  as  the  replicas  for  range  compression. 

In  the  analysis  of  the  images  of  point  targets  a  non  linear 
behaviour  was  observed  for  the  largest  targets.  This  was  traced  to 
saturation  of  the  ADC  by  thfe  echo  signals.  Further  theoretical  work 
predicted  that  non  linear  behavlous  would  particularly  occur  with 
the  ERE  wave  mode  data,  due  to  the  limited  dynamic  range. 

As  a  result  of  the  analysis  of  the  many  target  images  a  detailed 
comparison  of  peak  and  integration  methods  of  energy  measurement  was 
brought  about. 

Recently  attention  has  been  given  by  us  on  how  to  correctly  use  the 
replica  data  transmitted  by  ERG-1,  and  hov  to  correct  for  ADC  non 
linearities. 

After  a  brief  review  of  the  findings  from  our  previous  work,  this 
paper  describes  alternative  approaches  to  range  compression  and  ADC 
correction  which  are  intended  io  provide  image  products  with  very 
high  accuracy. 
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ABSTRACT 

During  Spring  of  1988,  the  NASA/JPL  multi- 
frequency,  multipolarizalion  SAR  flew  in  a  scries  of 
calibration  experiments  over  the  Goldstonc  dry  lake  bed.  At 
Goldstonc,  an  array  of  calibration  devices  was  deployed, 
including  dihedral  and  trihedral  corner  reflectors, 
pohrimctric  active  radar  calibrators  (PARC's),  passive 
receivers  and  CW  tone  generators.  The  aim  of  the  campaign 
was  to  calibrate  both  amplitude  and  phase  of  the  resulting 
SAR  images,  over  long  and  short  time  scales. 

in  this  paper,  the  results  of  the  analysis  of  the  calibration 
data  collected  in  Spring  1988  arc  presented.  Trihedral 
corner  reflector  signatures  and  certain  image  background 
measures  arc  used  to  externally  calibrate  relative  amplitude 
and  phase  between  polarizations  at  a  given  frequency,  and 
to  calibrate  across  frequencies.  Assessments  arc  made  of 
the  calibration  accuracy  as  a  function  of  image  frame 
position  for  each  frequency,  and  the  stability  of  the  radar 
calibration  over  long  and  short  timescales. 

Finally,  the  problem  of  obtaining  calibrated  images 
from  the  standard  DC-8  SAR  products  is  discussed. 

KEYWORDS  :  SAR,  Calibration 

I.  INTRODUCTION 

There  is  a  growing  emphasis  on  the  need  for 
calibrated  SAR  imagery  within  the  microwave  remote 
sensing  community.  Calibrated  images  would  significantly 
adyancc  the  use  and  testing  of  models  to  study  backscatter 
phenomena,  and  in  relating  the  image  pixel  values  to 
geophysical  parameters.  With  the  launch  of  several 
spaccborne  SAR's,  such  as  E-ERS-1,  J-ERS-1  and  Radarsat, 
ahead  in  the  1990's,  and  with  the  advent  of  a  new 
generation  of  multi-frequency,  multi-polarization  SAR's, 
such  as  SIR-C  and  the  Eos  SAR  instrument,  the  need 

becomes  more  urgent.  The  techniques  for  routine  accurate 
and  precise  calibration  of  SAR  image  products  should  be 
available  well  before  the  first  stream  of  spaceborne  SAR 

imagery  Starts  to  How.  The  ocst  approach  to  develop  these 
new  techniques  and  start  the  learning  process  is  to  use 

aircraft  SAR  systems  as  test  beds. 

The  NASA/JPL  DC- 8  SAR  took  part  in  a  scries  of 
calibration  experiments  at  Goldstonc  Dry  Lake  bed  in 
Spring  1988.  An  additional  calibration  experiment  was 

carried  out  at  Fairbanks,  Alaska  in  March  of  that  year.  The 
aims  and  execution  of  the  DC-8  SAR  calibration  campaign 


have  been  described  in  (Freeman, 1988).  The  DC-8  SAR, 
which  is  capable  of  simultaneously  collecting  multi¬ 
polarization  and  multi-frequency  data,  has  been  described 
in  (Held,  1988). 

In  summer,  1989  the  DC-8  SAR  will  take  part  in  a 
series  of  campaigns,  in  the  USA  and  Europe.  Calibration 
experiments  arc  planned  for  sites  at  Goldstone,  near  Mt. 
Shasta,  CA  and  at  several  European  sites,  including  DLR  in 
W. Germany,  Bari  in  Italy  and  Flevopoldcr  in  The 
Netherlands. 

In  this  paper,  the  results  of  a  series  of  experiments 
aimed  at  calibrating  the  multi-frequency,  multi- 
polarization  DC-8  SAR  images  over  an  entire  season  are 
summarized.  Image  quality,  radiometric  calibration, 
polarimctric  calibration  (amplitude  and  phase),  cross- 
frequency  calibration  and  antenna  pattern  measurements 
arc  included  in  the  analysis. 

II.  IMAGE  QUALITY 

Nominal  values  for  the  image  quality  parameters  of 
the  NASA/JPL  SAR  arc  given  in  Table  1.  These  values  were 
predicted  from  systems  tests  and  analysis  prior  to  the 
operational  stage  of  the  system.  In  Table  2,  typical  results 
for  the  quality  of  the  measured  range  impulse  response 
functions  arc  presented.  The  responses  were  obtained  from 
the  Goldstonc  trihedral  corner  reflectors  data  .  Over  the 
data  gathering  season,  very  little  variability  of  the  range 
impulse  response  was  apparent. 

The  differences  between  the  nominal  and  measured 
range  impulses  arc  probably  due  to  the  introduction  of  a 
weighting  function  in  the  processor,  which  was  not  taken 
into  account  in  the  pre-flight  systems  analysis  and  whose 
effects  have  not  been  estimated  using  simulated  data.  Since 
the  measured  quantities  do  not  vary,  the  discrepancies 
between  the  two  sets  of  values  arc  not  critical. 

In  Tables  3  and  4  the  best  and  worst  case  examples  of 
the  azimuth  impulse  response  functions,  as  measured  from 
Gnldsinnc  Trihedral  data,  are  presented.  In  tile  best-case 
results,  the  system  performance  is  fairly  close  to  the 
nominal,  except  for  a  slight  broadening  and  drop  in 
sidclobc  level,  due  to  the  weighting  imposed  by  the  azimuth 
prcfilter  in  the  SAR  processor. 

In  the  worst-ease,  the  L-Band  response  is  slightly 
broader  than  the  best-case,  mainly  due  to  a  degradation  in 
resolution  for  a  few  of  the  trihcdrals  in  the  array,  centered 
around  borcsiglu  (50°  Incidence).  This  was  a  rare 
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occurrence,  not  repealed  in  ihc  rest  of  the  Goldstonc  data. 
For  C-Band,  the  impulse  response  has  a  tendency  to  divide 
into  two  narrow  peaks  Hence  the  worst-ease  ISLR  of  +8.4 
dB.  In  this  extreme  situation,  (he  ISLR  calculation  used  in 
this  paper  breaks  down,  so  that  the  measure  becomes  of 
little  value.  For  the  P-Band  worst-ease,  the  impulse 
response  is  degraded  so  badly  that  the  resolution  is 
broadened  by  a  factor  of  4.  In  (his  situation,  both  the  ISLR 
and  PSLR  measures  used  in  this  paper  break  down.  The 
positive  ISLR  value  docs  not  necessarily  mean  that  there  is 
more  energy  in  the  trihedral  responses  concentrated 
outside  the  main  lobe,  than  within  it,  just  that  the 
estimation  of  where  those  limits  on  the  main  lobe  actually 
lie  has  failed  The  most  probable  sources  of  these  errors  arc 
mis-cslimation  of  the  drift  angle  for  the  C-Band  data  and 
nonlinear  frequency  modulation  caused  by  aircraft  motion 
at  P-Band  (which  has  the  longer  aperture  synthesis  time  in 
a/.imuth).  For  both  frequencies,  an  error  in  the  drift  angle 
can  lead  to  an  error  in  the  range  cell  migration  correction 
in  the  processor. 

III.  RADIOMETRIC  CALIBRATION 

Tables  5  and  6  arc  the  summary  tables  of  the 
radiometric  calibration  performance  of  the  NASA/JPL  DC-8 
SAR  during  Spring  1988,  as  estimated  from  the  trihedral 
corner  reflector  data. 

In  Table  5  we  present  the  estimates  of  short-  and 
long-term  calibration  precisions.  The  short-term  values 

arc  the  standard  deviations  taken  across  the  swath  of  the 
trihedral  HH  and  VV  polarization  measurements  for  a  given 
image.  The  results  presented  in  Table  5  arc  the  worst  ease, 
taken  over  the  data-gathcring  season.  These  fluctuations 
could  be  due  to  a  variety  of  causes:  imperfections  in  the 
corner  reflector  construction;  ripples  in  the  radar 

elevation  antenna  pattern;  or  variations  due  to  the 
background  clutter  and  system  noise.  The  long-term  values 
(x  (+y)l  in  Table  5  arc  the  range  of  variation  (maximum  x+y, 
minimum  x-y)  of  the  mean  value  (for  each  image  data  set) 
over  the  data-gathcring  season.  The  short-term  (lo) 

variations  for  each  image  arc  not  included  in  the 

calculation  of  the  range  of  variation. 

Assuming  that  the  trihedral  corner  reflector  cross- 
sections  arc.  on  average,  as  given  in  (Ruck, 1970)  we  can 
easily  estimate  the  appropriate  correction  factors  to  obtain 
RCS  or  a  given  in  Table  6.  The  uncertainty  estimates  given 
in  the  table  arc  a  root-sum-squarc  of  the  worst-case  short¬ 
term  relative  variation  and  the  long-term  variation 
estimates  So.  in  the  ease  of  the  LHH  value,  after  April  dth. 

Correction  factor,  Cf  =  72.2  -  29.1  ±  (1.92  +  1.42)  1/2 

=  43.1  (±2.4)  dB  (1) 

The  Cf  values  for  before  April  4th,  which  include 
correction  for  a  change  in  one  of  the  system  operation 
parameters  (the  ealtone  level),  arc  given  in  the  first 
column  of  Table  6. 

To  apply  these  correction  factors  to  a  given  image,  in 
order  to  estimate  the  radar  cross-section,  cr,  the  following 
formula  should  be  used- 

r  O  “• 

b  =  lOlogiojDN  sin  0|  •  —  ^1*03 )2 J ~ Cf  <2> 

where  DN  is  the  power  representation  of  the  image  pixel 
value  (=  I2  +  Q2  for  the  high-resolution  complex  image 
product)  and  Oj  is  the  incidence  angle. 

To  estimate  normalized  radar  cross-section,  oo,  the 
following  formula  should  be  used: 


Where  the  product  papr  is  the  image  resolution  cell  area, 
nominally  4.0  x  11.0  m  (or  16.4  dBm2). 

The  correction  formulae  given  above  should  be  used 
with  caution:  they  strictly  only  apply  to  the  calibration 
data  analyzed  in  this  paper.  Extensions  to  further  data  sets 
may  not  be  valid. 

From  Tables  5  and  6  it  is  immediately  clear  that  only 
the  L-band  radar  performed  well  in  a  radiometric 
calibration  sense,  when  the  results  arc  compared  with  the 
goals  in  (Freeman,  1988).  The  -4.0  dB  short-term  variability 
in  the  C-Band  signatures  is,  we  believe,  due  to  imperfection 
in  the  construction  of  some  of  the  comer  reflectors.  Some 
of  the  older  reflectors  in  the  Goldstone  array  gave 
consistently  bad  results  at  C-band  from  day-to-day  and  pass 
to  pass,  thus  increasing  the  short-term  variation  across  the 
swath.  The  long-term  variability  in  the  C-Band  data  is  more 
serious,  since  it  indicates  a  severe  problem  in  the  C-Band 
radar  stability.  This  problem  may  lie  in  the  level  of 
transmitted  power,  the  receivers  or  the  input  ealtone.  At  P- 
Band.  the  problems  of  calibration  arc  compounded  by  two 
factors:  firstly,  the  trihedral  responses,  particularly  in  the 

HH  images,  behave  strangely,  and  secondly,  the  low  signal- 
to-cluttcr  background  level.  The  former  effect,  which  is 
marked  by  a  rapid  (6-10  dB)  fall-off  in  the  HH  response  a 

few  degrees  array  from  the  borcsight  angle,  is  probably 

due  to  the  low  sizc/wavclcngth  ratio  of  the  trihedrals  at  P- 
Band,  which  may  allow  edge  effects  to  dominate  in  the 

trihedral  signature.  The  latter  effect,  characterized  by  an 

SCR  of  typically  -25  dB,  could  be  a  significant  additional 
error  source. 

The  obvious  conclusion  to  be  drawn  from  Tables  5 
and  6  is  that  only  in  the  ease  of  L-Band  is  there  any  hope  of 
radiomctrically  calibrating  the  DC-8  SAR  images  without 
the  assistance  of  a  calibration  device  such  as  a  trihedral 
corner  reflector  within  the  scene.  Even  then,  the  corner 
reflector  must  be  of  good  quality  for  C-Band  calibration  and 
imaged  at  very  close  to  borcsight  for  the  P-Band. 

It  had  been  hoped,  before  the  calibration  campaign 
began,  that  the  external  calibration  results  would  be 
compared  with  internal  calibration  measurements.  In  the 
internal  calibration  pre-flight  measurements  of  system 
parameters  such  as  antenna  gain  arc  included  with  in¬ 
flight  measurements  of  transmitter  power  and  receiver 
gain,  for  example,  in  the  appropriate  form  of  the  radar 
equation  to  estimate  the  DN  value  corresponding  to  a  target 
of  given  RCS.  Unfortunately,  a  vital  part  of  the  radar  chain, 
the  SAR  processor,  remains  uncalibrated,  so  this  part  of  the 
experiment  has  not  yet  been  completed. 

In  the  above  calculations  and  discussion  the  effects 
of  system  noise  on  the  radiometric  calbration  have  been 
ignored.  There  arc  two  reasons  for  this:  firstly,  since  the 
SAR  processor  is  uncalibrated,  we  have  no  direct 
measurements  of  the  actual  image  noise  level;  secondly, 
the  noise-equivalent  sigma-zeros  estimated  from  preflight 
systems  analysis  were  quite  low,  1  -35  dB,  -30  dB  and  -35  dB 
for  L-,  C-  and  P-Band  respectively. 

IV.  POLARIMETRIC  CALIBRATION  RESULTS 

In  this  section,  the  results  for  polarimctric 
calibration  of  the  DC-8  SAR  images  are  presented, 
frequency  by  frequency.  Because  the  data  collected  allows 
us  to  look  at  the  variation  in  the  polarimctric  parameters 
on  both  long-  and  short-term  bases,  the  results  arc  divided 
in  this  fashion. 
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Tabic  7  contains  a  summary  of  the  polanmctric 
calibration  results  foi  L-Batul.  The  short-term  variations 
given  arc  the  worst-ease,  taken  over  the  whole  season,  of 
the  standard  deviations  across  the  swath  of  the  amplitude 
ratios  and  phase  differences,  as  extracted  from  the 
trilicdrals  and  image  background.  The  long-term 
variations  are  just  the  range  of  variation  of  the  mean  value 
for  each  ratio,  taken  over  the  data-gathenng  season. 

From  Table  7,  we  can  draw  the  following  conclusions 
about  the  polanmctric  calibration  performance  of  the  L- 
Band  radar: 

il  The  backscatter  ratios.  L  HII/VV,  L  1IV/VH  and  L 
IIV/IIII  arc  fairly  stable  within  an  linage  and  between  data 

sets 

li)  The  1,-Band  cross-pol  leakage  is  high  (~  -15.8  dB)  and 
varies  significantly  with  incidence. 

in)  The  L-Batul  cross-pol  leakage  has  a  significant  effect 
on  'he  relationship  between  the  like-  and  cross-pol  phase. 

iv)  Trihedral  corner  reflectors  and  image  background 
phase  calibration  approaches  (Sheen,  1989)  give  similar 
results  at  L-Bnnd.  However,  the  trihedral  signatures  arc 
somelim.s  subject  to  wild  phase  fluctuations,  with  unknown 
cause 

v )  Tiic  L  HII/VV  phase  difference  vanes  greatly  from 
day  to  day.  The  L.  IIV/VII  phase  difference,  on  the  other 
hand,  docs  not 

\  i )  The  above  results  indicate  that  the  L-Band  DC-8  SAR 
images  arc,  in  general,  calibratablc  in  a  polanmctric  sense. 

The  polanmctric  radar  characteristics  revealed  by 
the  results  given  in  Table  8  for  C-Band  can  be  summarized 
as  follows: 

i )  An  imbalance  between  the  HII/VV  amplitude  ratios 
which  varied  significantly  across  the  swath  (~3dB  over  10 
degrees  of  incidence  angle)  was  apparent  in  most  of  the  C- 
band  data  Ibis  short-term  variation  was  attributed  to  (he  C- 
band  antenna  pattern  and  a  radiometric  correction  curve 
(derived  by  assuming  reversal  of  the  physical  antenna) 
was  applied  to  the  C-=band  results.  After  correction,  the 
HII/VV  and  IIV/VII  amplitude  ratios  arc  also  offset  from  0 
dB,  but  do  not  vary  greatly  in  the  short-term.  In  the  long¬ 
term,  however,  they  show  significant  variation  from  day- 
to-day  and  pass-to-pass  These  results  indicate  that  the 
C-Band  radar  system  was  not  radiomctrically  stable  and  may 
vary  over  comparatively  short  time  scales  (-20  mins). 

ii)  The  C-Band  cross-pol  isolation  performance,  -  -28  dB, 
is  very  good. 

iii )  The  Illl/VV  and  IIV/VII  phase  differences  arc  stable 
within  image  frames  and  over  the  May  and  June  data  set, 
but  can  vary  widely  if  the  February  and  March  data  arc 
included. 

iv)  The  IIV/IIII  phase  difference  is  generally  distributed 
uniformly  between  ill. 

The  polarimctric  calibration  measurements  for  P-Band  arc 
given  in  Table  9  The  main  conclusions  to  be  drawn  from 
this  table  arc  as  follows' 

i)  Interference  in  the  P-Band  data  causes  the  terms 
involving  cross  pol  measurements  to  fluctuate  widely. 

ii)  The  P-Band  cross-pol  isolation  performance,  as 
measured  from  the  trilicdrals,  is  -  -22.0  dB,  which  is 


acceptable.  There  is  some  evidence  to  suggest  that  the 

performance  may  in  fact  be  better  than  this,  but  the 
presence  of  interference  precludes  a  more  accurate 
measurement. 

iii)  The  P-Band  Illl/VV  amplitude  ratios  extracted  from 

trilicdrals  arc  badly  affected  by  the  variations  of  the  HH 
trihedral  response  noted  in  Section  VI.  However,  their 
median  value  is  fairly  close  to  0.0  dB  and  the  HH/VV  image 
background  ratio  indicates  a  degree  of  stability  in  this 
measurement. 

iv)  The  phase  differences  between  HH/VV  and  HV/VH,  as 

measured  from  the  image  background,  arc  relatively  stable 

over  the  data-galhcring  season. 

V.  CROSS-FREQUENCY  CALIBRATION  RESULTS 

In  Table  10  results  of  the  cross-frequency 

comparison  of  the  individual  trihedral  DN  values  arc 
summarized  The  measurements  were  obtained  by 
calculating  statistics  on  the  frequency  ratio  for  each 
trihedral  signature  over  the  data  sets.  The  short-term 
results  arc  the  worst-ease  of  the  standard  deviations  taken 
across  each  image  swath.  Also  given  in  the  table  arc  the 
expected  short-term  variations,  obtained  by  a  root-sutn- 
squarc  of  the  short-term  variations  for  each  frequency, 
from  Tables  6-9.  The  long-term  results  in  Table  10  arc  the 
mean  values  for  cacti  ratio  taken  over  all  the  data  sets, 
together  with  the  range  of  variation  about  that  mean.  In 
the  fourth  column,  the  expected  values  for  the  mean  long¬ 
term  results  arc  given.  These  expectations  were  derived 
using  equation  (6)  and  post-April  4th  values  for  the  radar 
parameters  Results  for  comparisons  of  HH  and  VV  values 
between  frequencies  arc  given,  as  well  as  comparison  of 
the  ratios  of  HII/VV. 

The  close  correspondence  between  the  measured  and 
'expected'  short-term  results  in  Table  10  indicates  that  the 
short-term  variations  in  the  trihedral  signatures  arc 
uttcoirclutcd  Thus,  the  ratio  of  LHH/CHH,  say,  tends  to 
reflect  the  uncertainties  in  the  individual  frequences 
across  the  swath.  Only  in  the  ease  of  the  L/C  HH/VV  ratio 
can  the  short-term  performance  be  considered  satisfactory. 

In  the  long-term  results,  the  range  of  variations 
about  the  mean  again  probably  reflect  the  uncertainties  in 
the  individual  frequencies.  The  mean  values  in  the  ease  of 
L/C-Band  arc  fairly  close  between  measured  and  expected, 
with  a  2.5  dB  olfset  between  the  HH  values,  2.6  dB  between 
VV  values  and  just  0.6  dB  for  the  HH/VV  ratio.  These  offsets 
can  probably  be  explained  in  terms  of  the  previously  noted 
variability  of  the  C-Band  radar  system.  The  offsets  between 
L  and  P-Band  measurements,  except  in  the  case  of  the 
HH/VV  ratio,  arc  more  severe,  with  unknown  cause. 

VI.  SUMMARY  AND  DISCUSSION 

Image  quality  and  calibration  results  were  derived 
for  trihedral  and  image  background  measurements.  The 
results  were  divided  into  four  sections:  image  quality, 
radiometric,  polarimctric  and  cross-frequency  calibration 

The  vast  majority  of  the  standard  images  produced  by 
the  DC-8  SAR  system  are  uncaUbratcd.  To  obtain 
polari metrically  calibrated  data  from  standard  DC-8  SAR 
images,  the  approaches  put  forward  in  (Klein,  1989)  and 
(van  Zyl,!989)  arc  recommended,  if  the  imaged  scene 
contains  a  trihedral  corner  reflector.  For  radiometric 
calibration  the  correction  factors  given  in  this  paper 
should  be  used  with  caution.  Results  indicate  that  the 
correction  factors  should  give  better  results  for  the  more 
stable  L-band  system.  In  general,  it  is  recommended  that 
trihedral  corner  reflectors  or  other  known  calibration 
devices  be  used  for  radiometric  calibration,  if  available. 
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The  bes!  form  of  device  for  radiometric  calibration  would 
be  a  target  with  a  polarization  signature  of  the  form. 

•■(! i) 

or  similar,  since  it  allows  radiometric  calibration  of  both 
like-  and  cross-pol  channels  If  the  cross-talk  can  be 

ignored,  then  such  a  device  will  also  allow  full  polarimctric 
calibration  within  a  frequency  band  at  one  point  in  the 
image 

When  using  dihedral  or  other  calibration  device 
signatures  the  radiometric  corrections  pul  forward  in 
Section  111  should  first  be  applied  to  obtain  range-invariant 
DN  values.  Phase  measurements  from  trihcdrals  arc 

occasionally  sc'  jeet  to  fluctuations,  so  the  use  of  more  than 
one  trihedral  signature  is  recommended. 

Care  must  also  be  taken  in  deriving  calibration 
paramelcis  fiom  image  background  properties.  Regions  of 
low  SNR,  containing  significant  interference  or  including 
the  nadir  return  should  be  avoided.  For  estimating  the 
cross-talk  and  llll/VV  phase  balance,  only  regions  where 
the  IIV/IIH  and  llll/VV  returns  arc  uncorrclatcd  should  be 
used.  These  assumptions  should  hold  m  areas  where  the  HV 
backscatlcr  is  non-trivial,  and  the  scatters  arc  av.imuthally 
symmetric  and  predominantly  single-bounce. 
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Table  I  Nominal  Image  Quality  Parameters  for 
JPL  A/C  SAR  Iligh-Rcsolulion  Images 


Rc«  (m) 

lSLR(dB) 

PSLR(dB) 

Channel 

offscts(m) 

Range 

8  0 

■13.0 

■  16.0 

<08 

A/unuilt 

3.0 

■8.0 

■13.0 

<04 

Table  2  Typical  Measured  Range  Impulse  Response  Parameters 
for  Goldstonc  Data 


Rand 

Res  (m) 

1SLR  (dB) 

PSLR(dB) 

Channel 
offsets  <m) 

L 

11  1  (10.8) 

•9  6  (±0.7) 

■21.5  (±1.0) 

50.7 

C 

10  7  (±0.8) 

•11  6  (±3.2) 

■20.9  (±5  1) 

51.4 

P 

11  2  (±0  7) 

■  16.7  (±6.6) 

■22.2  (±1.6) 

51.4 

Table  3 

^  Best-Case  Azimuth  Impulse 

Responses  for  Trihedral  Data 

Band 

Res  (m) 

ISLR(dB) 

PSLR(dB) 

Channel 

Offscts(m) 

L 

4  0  (10  5) 

•9  4  (±6.9) 

•22.7  (±2.6) 

0.0 

c 

4  5  (±0  9) 

•8  2  (±6.4) 

-19.3  (±3.8) 

0.0 

P 

3  9  (±0  6) 

•7.2  (±6.7) 

•23  2  (±2  8) 

0.0 

Table  •LWorst-Casc  Azimuth  Impulse 

Responses  for 

Trihedral  Data 

Band  j 

Res.  (m) 

ISLR(DB) 

PSLR(dB) 

Channel 

Offscts(m) 

L 

53  (12.1) 

-8  6  (±6.1) 

■22  7  (±2.6) 

1.8 

C 

■J  1  (±0.5 ) 

+84  (±11.1) 

-19.3  (±3.4) 

1.5 

p  1 

16  6  (±2  7) 

+8.6  (±11.9) 

“ 

3  3 

Table  5  Shnn-icrm  and  Long-term  Relative  Calibration  Precisions 
in  dB  Estimated  from  Tnhedrals 


Freq.  Po» 

Short-Term 

Long-Term 

RSS 

L  1111 

±1.4 

±1.9 

±2.4 

VV 

±1.4 

±2.0 

±2.4 

c  mi 

±3  8 

±6.6 

±7.6 

vv 

±4.0 

±8  4 

±9.3 

P  HH 

±3.5 

±4.0 

±6.7 

VV 

±2.2 

±3.3 

±4.0 

Table  6.  Correction  Faciors,  Cf.  in  dB  for  Absolute  Calibration 
(from  Trihcdrals) 


Freq 

Pol 

Before*  4/4/88 

After*  4/4/88 

L 

HH 

52  6  (±2.4) 

43.1  (±2.4) 

VV 

52.7  (±2.4) 

43,3  (±2.4) 

C 

HH 

•17.2  (±7.6) 

•14  8  (±7.6) 

VV 

•20  6  (±9.3) 

■18.9  (±9.3) 

P 

HH 

64.1  (±6.7) 

55.4  (±6.7) 

VV 

65.8  (±4.0) 

56.6  (±4.0) 

‘Mean  value  only  changes.  Variability  taken  over  whole  data  scl 
for  each  frcq./pol. 


Table  7.  Polarimciric  Calibration  Results  for  L-Band 


Trihcdrals 

Image 

Background 

Short-term 

Long-term 

Short-term 

Long-term 

L  Illl/VV  A  lit  pi 

±0.9  dB 

-0.3  (±0.3)  dB 

±0.9  dB 

-0.3  (±0.3)  dB 

Phase 

±31.1° 

96.1  (±76.2)° 

±13.1° 

90.2  (±68.4)° 

L  I1V/VH  A m pi 

±2.3  dB 

-1.8  (±1.4)  dB 

±1.8  dB 

-0.8  (±1.0)  dB 

Phase 

±98.9° 

64.8  (±18.5)° 

±12.2° 

65.9  (±15.2)° 

L  1IV/HII  Amp! 

±2.6  dB 

-15.8  (±2.9)  dB 

±2.0  dB 

-8.4  (±0.5)  dB 

Phase 

” 

— 

±30.9° 

47.5  (±35.8)° 

Table  8.  Polarimctric  Calibration  Results  for  C-Band 


Trihcdrals 

Image 

Background 

Short-term 

Long-term 

Short-term 

Long-term 

C  IIII/VV  Am  pi 

±0.8  dB 

3.8  (±2.2)  dB 

±1.4  dB 

2.5  (±1.7)  dB 

Phase 

±27.2° 

-49.9  (±89.1)°  (A> 

±9.6° 

-90.9  (±61.2)°  (c) 

C  IIV/VI1  A m pi 

±1.0  dB 

0.4  (±1.4)  dB 

±0.6  dB 

06  (±1.1)  dB 

Phase 

±56.0° 

•40.1  (±74.4)°  (B) 

±10.1° 

-40.1  (±71.8)°  (°) 

C  IIV/HH  Ampl 

±4.0  dB 

-28.0  (±3.7)  dB 

±2.0  dB 

-10.1  (±1.3)  dB 

Phase 

” 

±118.8° 

-6.9  (±37.3)° 

(A)  -34.9  (±13.9)°  if  only  May  and  June  data  included. 

(B)  -96.8  (±17.7)°  if  only  May  and  June  data  included. 

(C)  .39.3  (±9.6)°  if  only  May  and  June  data  included. 
-101.6  (±10.4)°  if  only  May  and  June  data  included, 


Table  9.  Polarimctric  Calibration  Results  for  P-Band 


Trihcdrals 

Image 

Background 

Short-term 

Long-term 

Short-term 

Long-term 

P  IIH/VV 

Ampl 

±2.4  dB 

-0.2  (±2.5)  dB 

±1.4  dB 

-0.5  (±0.6)  dB 

Phase 

±79.0° 

51.1  (±31.8)° 

±11.3° 

55.9  (±17.7)° 

P  1IV/VII 

Ampl 

±3.7  dB 

0.3  (±3.0)  dB 

±1.8  dB 

■: 

1.4  (±1.9)  dB 

Phase 

±130.0° 

95.4  (±125.3)° 

±66.9° 

148.2  (±15.3)° 

P  IIV/HH 

Ampl 

±3.3  dB 

-22.0  (±4.8)  dB 

±2.6  dB 

- 

11.9  (±1.4)  dB 

Phase 

“ 

±88.0° 

-2.5  (±55.5)° 

T 

able  10. 

Cross-frequency 

Calibration  Results  in  dB  (from 

Trihcdrals) 

Short-term 

Long-term 

Measured 

Expected* 

Measured 

Expected^ 

L/C 

1111 

±3.5 

±4.1 

44.0  (±3.4) 

46.5 

vv 

±3.7 

±4.2 

47,1  f±3,41 

49  7 

Illl/VV 

±1.2 

±1.2 

-3.2  (±2.4) 

-2.6 

L/P 

III! 

±4.2 

±3.8 

-1.1  (±3.7) 

3.4 

VV 

±2.5 

±2.6 

-1.9  (±2.9) 

5.1 

Illl/VV 

±2.7 

±2.6 

-0.6  (±2.3) 

-1.6 

RSS  of  individual  frequency  short-term  variations  front  Tables  11-14. 
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ABSTRACT 

During  the  spring  and  summer  of  1988,  a  site  near 
Saskatoon  including  the  Kernan  Agricultural  Research 
Farm,  managed  by  the  University  of  Saskatchewan,  was 
visited  four  times  by  the  CCRS  airborne  SAR.  The  effort 
was  made  to  assess  relative  and  absolute  radiometric 
calibration  for  the  SAR  facility  in  conjunction  with 
temporal  crop  studies  conducted  in  nearby  locations. 

Several  active  and  passive  point  reflectors  were  used 
as  well  as  large  fields  for  distributed  targets  with 
support  from  airborne  and  ground-based  scatterometers. 
Of  special  interest  in  the  experiment  was  use  of 
recirculating  Active  Radar  Calibrators  deployed  in  high 
scattering  areas  but  repeating  in  regions  of  lower 
scatter. 

Problems  encountered  and  their  implications  for  the 
relative  and  absolute  calibration  potential  of  the 
Instrument  are  examined  to  suggest  a  practical 
methodology  for  continuing  research  and  calibration 
requirements. 

Keywords:  SAR,  calibration,  radar,  airborne,  remote 
sensing 

1.  INTRODUCTION 

Relative  and  absolute  calibration  of  synthetic  aperture 
radar  images  is  an  integral  part  of  the  evolving  science 
of  quantification  of  these  data  to  meet  scientific 
objectives.  The  Canada  Centre  for  Remote  Sensing  has 
recently  commissioned  a  new  airborne  synthetic  aperture 
radar  (SAR)  system  at  X-  and  C-  bands  as  described  in 
[1]  and  [2].  Calibration  is  an  important  activity  for 
understanding  its  performance  and  in  characterizing  its 
limitations  as  well  as  suggesting  refinements  of  the 
system. 

In  order  to  develop  our  expertise,  a  project  in 
calibration  has  been  initiated  at  CCRS. As  part  of  this 
work,  during  the  spring  and  summer  of  1588,  a  sue  near 
Saskatoon  including  the  Kernan  Agricultural  Research 
Farm,  managed  by  the  University  of  Saskatchewan  was 
visited  by  the  CCRS  airborne  SAR.  Up  to  four  active  and 
six  passive  point  reflectors  were  deployed.  Large  fields 
were  used  for  distributed  targets.  Support  was  also 
provided  by  airborne  and  ground-based  scatterometers. 
Relevant  descriptions  of  these  systems  are  given  in  [3] 
and  [4]  respectively. 

This  paper  will  give  the  aims  of  the  experiment,  and 


describe  our  introductory  analysis  of  this  multi- 
temporal,  multi-sensor  data  set. 

2.  EXPERIMENTAL  DESIGN 

The  experimental  site  is  located  in  Saskatchewan,  near 
the  city  of  Saskatoon  in  an  agricultural  region  of  the 
Interior  Plains  with  topography  showing  only  slight 
variation  in  altitude  (varying  between  490  and  535 
metres  above  sea  level)  [5],  The  area  of  Interest 
Includes  fields  sown  with  crops  of  wheat,  barley, 
canola,  alfalfa,  and  summer  fallow.  Corner  reflectors 
and  active  radar  calibrators  employed  as  reference  point 
targets  were  positioned  in  fallow  fields  or  on  the  shore 
of  Patience  Lake  as  shown  in  the  detailed  site  map 
(Figure  1).  Also  indicated  here  are  the  sites  where 
observations  were  made  using  the  ground-based 
scatterometer  along  with  the  flight  lines  for  the 
airborne  scatterometer  and  point  target  locations.  The 
flight  lines  for  the  airborne  SAR  were  chosen  to  be 
east-west.  Preliminary  SAR  data  were  acquired  in  May 
for  site  selection  purposes  with  Imagery  then  obtained 
at  three  stages  in  the  growing  season  as  indicated  in 
Table  1. 

The  active  radar  calibrators  (ARC)  originally  described 
in  [6]  have  been  modified  to  include  delay  lines.  These 
recirculating  ARCs  give  an  infinite  series  of  repeated 
transmissions  of  attenuated  signals  at  fixed  time 
intervals  [7].  ARCs  have  been  developed  with  horn  or 
microstrip  (patch)  antennas.  Figure  2  is  a  photograph 
of  a  C-band  ARC  with  complex  horn  antennas  rotated  to 
45  degrees  to  receive  and  transmit  both  parallel  and 
orthogonal  polarizations. 

ARCs  and  corner  reflectors  (CRs)  were  deployed  with  peak 
antenna  gains  appropriate  to  their  Imaged  geometry  and 
in  locations  where  their  received  signals  appear  on  a 
background  of  relatively  low  backscatter.  A 
particularly  favourable  situation  existed  where  the  ARC 
was  placed  to  recirculate  over  the  dark  background  of 
Patience  Lake. 

The  principal  SAR  imagery  obtained  as  part  of  this  data 
set  was  at  C-Band  with  the  Convair-580  flying 
approximately  6100  metres  above  ground  level.  X-Band 
data  were  also  obtained.  The  C-Band  data  from  the 
airborne  scatterometer  were  obtained  on  separate  passes 
over  the  test  region  at  altitudes  of  about  460  metres. 
The  selected  scatterometer  flight  lines  were  in  a  north- 
south  direction  to  place  them  within  the  SAR  Images. 
Thus,  the  SAR  and  airborne  scatterometer  had  the  same 
aspect  angle  overlapping  the  fields  where  ground-based 
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scatterometer  data  (at  C,L,  and  Ku  bands)  were  obtained 
during  the  overflights  by  the  airborne  microwave 
systems.  Table  1  Includes  the  depression  angles  In  the 
SAR  Imagery  at  which  the  point  targets  were  located  and 
ground-based  scatterometer  data  obtained.  Elevation 
angles  used  for  target  pointing  are  also  given  here. 

3.  DATA  ANALYSIS 

This  unique  mul tl -temporal ,  multi-sensor  data  set  has 
been  found  to  have  a  number  of  features  worthy  of 
analysis.  As  a  result,  it  Is  being  utilized  in  a  number 
of  studies.  The  relative  and  absolute  calibration 
analyses  are  described  In  the  following  sections. 


3.1  Relative  Calibration 

The  first  purpose  Is  to  establish  the  use  of  relative 
radiometric  calibration  for  Intercomparison  of  multi¬ 
temporal  data  sets  as  defined  by  equation  (8)  In  [8], 

In  this  approach,  we  attempt  to  relate  two  Images  so 
that  a  line  at  fixed  slant  range  appears  as  If  It  were 
Imaged  under  the  same  conditions  In  both  Images.  The 
multi -temporal  Imagery  of  a  selected  region  consists  of 
several  scenes  and  Includes  both  imagery  and  noise  data. 
Background  noise  Is  first  subtracted  from  each  Image. 
In  order  to  bring  the  two  Images  to  a  common  grey  scale, 
the  ratio  of  the  power  received  from  a  corner  reflector 
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Figure  1.  Geographic  location  of  the  Saskatoon  SAR  \ 
calibration  site.  The  location  generally  in  \ 
Saskatchewan  is  indicated  In  (a),  the  location  near 
Saskatoon  In  (b),  and  a  detailed  view  In  (c). 

Shown  are  the  positions  of  corner  reflectors  and  ARCs 
and  the  field  locations  where  ground-based  scatterometer 
measurements  were  carried  out. 
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TABLE  li 

Snikiitoon  Experiment  SAR  Data  Collection  Summitry 
The  angle*  luinmamcd  are  the  following' 


•  #»  *  depremon  angle  (from  horiion(al)  at  which  the  Urge*  appear*  in  the 
iwalb  [degree*] 

i  h  ■  target  elevation  angle  of  borenght  n  »et  by  (round  crew  (above 
homonlal)  (degree*} 


The  atimuth  pointing  angle*  of  the  point  target*  arc  not  given  in  the  chart 
becauie  in  all  caac*  the  point  target*  have  been  aimed  with  an  aumulh  accuracy 
of  iO  5*  with  retpect  to  the  actual  heading  of  the  aircraft. 
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Figure  2.  Field  Deployment  of  ARC.  The  ARC  Is 
positioned  In  the  swath,  levelled,  and  oriented  In  both 
elevation  and  azimuth  to  ensure  that  It  points 
perpendicular  to  the  aircraft  track  and  at  the 
Illuminating  antenna. 


to  the  target  strength  Is  determined  for  each  Image. 
A  correction  factor  for  each  line  at  fixed  range  Is  used 
to  multiply  one  Image  to  obtain  the  common  grey  scale 
for  the  two.  Each  of  the  Images  also  Includes  a 
sensitivity  time  control  function  (STC)  as  described  In 
[1]  and  [8].  The  STC  is  retained  as  a  levelling  factor 
so  that  the  Image  can  be  processed  on  available  Image 
processing  systems.  All  Images  are  corrected  to  use  the 
same  STC  law  as  the  reference  Image.  By  modelling  the 
gain  patterns  used  In  acquisition  of  each  of  the  Images, 
a  correction  Is  performed  to  give  the  same  antenna  gain 
pattern  as  a  function  of  slant  range  (compensating  for 
differences  In  antenna  pointing  In  elevation).  As  a 
result,  data  at  the  same  slant  range  In  the  reference 
and  calibrated  Images  can  be  compared. 

3.2  flbs9M9_CaLl.br.9tlpn 

Absolute  calibration  can  also  be  obtained  from  the  same 
data  set  as  explained  in  [8].  It  Is  necessary  to  remove 
the  effects  of  the  terrain  law  part  of  the  STC  from  both 
Images.  In  this  case,  we  will  obtain  a  variable  o« 
(terrain  scattering  cross-section)  as  a  function  of  the 
slant  range.  We  can  then  compare  the  o0  within  an  image 
and  between  Images,  although  the  a0  depends  on  the 
Incidence  angle.  Minor  modification  of  the  software 
used  for  relative  calibration  will  enable  absolute 
calibration. 
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4.  RESULTS  AND  DISCUSSION 

The  data  which  have  been  processed  to  date  have 
indicated  the  feasibility  of  relatively  calibrating  SAR 
imagery  from  this  radar  system.  Initial  processing  has 
indicated  that  it  is  possible  to  account  for  the  system 
variables.  In  particular,  it  is  possible  to  create  two 
images  acquired  at  different  times  which  appear  to  have 
been  imaged  under  the  same  conditions. 

In  Figure  3,  results  from  the  first  10  echos  for  the 
ARC  on  the  shore  of  Patience  Lake  are  seen  superimposed 
on  the  lake  surface  image.  The  first  echo  appears  at 
the  actual  ARC  location.  The  others,  over  the  lake 
surface,  exist  in  an  area  of  very  low  backscatter,  thus 
having  excellent  signal -to-clutter  ratios.  The  full 
line  shows  the  integrated  response  from  the  point  target 
according  to  (5)  of  [8].  Each  succeeding  pulse  from 
the  ARC  is  both  delayed  and  attenuated  by  a 
predetermined  amount  (accounting  for  the  decrease  in 
received  power  with  detected  replica).  The  dotted  line 
is  the  clutter  contribution  to  each  recirculation  and 
the  dashed  line  is  the  response  from  the  ARC  when  the 
average  clutter  is  removed.  (There  is  still  an 
interference  term  [8]  which  cannot  be  removed  by 
subtraction.)  In  this  case,  for  most  of  the  range  (up 
to  7  reflections)  the  clutter  contribution  is 
inconsequential.  The  slope  of  the  dashed  line  is  related 
to  the  accumulated  attenuation  as  the  pulse  from  the 
radar  is  successively  delayed  and  attenuated.  It  serves 
as  a  check  on  the  linearity  of  the  radar  and  a  check  on 
the  properties  of  the  ARC  itself. 

Based  on  these  studies,  the  advantages  of  using  a 
recirculating  ARC  have  been  found  to  include: 

-The  background  clutter  in  the  vicinity  of  the 
target  may  be  eliminated  by  displacing  the  return. 
-The  calibration  constant  can  be  determined  with 
much  more  certainty  by  combining  data  from  many 
reflections  since  the  interference  term  is 
averaged  out. 

-The  response  of  the  point  target  is  gathered  at 
several  predetermined  levels.  Because  the 
compression  gain  is  high  for  point  targets, 
saturation  is  often  present  in  the  processed 
product.  Successive  delay  and  attenuation  allow 
the  target  to  be  captured  at  the  highest  signal 
to  clutter  ratio  which  does  not  saturate  the 
signal  processing  system. 


Considerable  expertise  in  the  deployment  of  ARCs  and 
corner  reflectors  has  been  obtained  as  a  result  of  this 
experiment. 
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Figure  3.  Repeating  ARC  Response  Curve.  Signal  received 
from  ARC  showing  delayed  transmissions.  The  initial 
signal  appears  superimposed  on  the  lake  shore  with  the 
remaining  echos  over  Patience  Lake. 


Experience  gained  in  this  experiment  is  allowing  us  to 
identify  several  problem  areas  and  Inherent  difficulties 
in  performing  calibration  of  the  C/X  SAR  data.  For 
example,  the  positioning  and  characterization  of  the 
point  targets  is  critical  to  the  calibration. 
Differences  in  the  actual  flight  line  flown  can  result 
In  noticeable  shifts  in  target  locations  in  the  range 
(cross-track)  direction.  All  of  these  factors  will  have 
to  be  carefully  considered  in  further  calibration 
studies. 

5.  CONCLUSIONS 

Although  much  work  remains  to  be  carried  out,  this 
experiment  has  provided  a  major  step  in  the  calibration 
of  the  CCRS  SARs.  Initial  results  have  shown  the  utility 
of  the  data  set  for  calibration.  Experience  gained  has 
led  to  identification  of  problem  areas  and  Improvements 
in  future  experiments.  Active  Radar  Calibrators  have 
been  shown  to  be  effective  tools  In  this  process. 
Further  analysis  of  this  data  set  for  calibration 
remains  to  be  performed.  This  experiment  is  part  of  an 
ongoing  calibration  study  at  CCRS  and  acquisition  of 
more  data  for  calibration  purposes  is  planned  at  this 
site  during  the  summer  of  1989. 
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POSSIBILITY  OK  TIIK  USK  OK  A  TRANSPONDKR  AS 
AN  ACTIVK  SAR  CALIBRATION  TAUGHT 


Nobuhiko  Kodaira 

Kcnolc  Sensing  Technology  Center  of  Japan 
Tokyo.  Japan  108 


ABSTRACT 

The  transponder  as  an  active  SAR  calibration 
target  (Brunfcldt,  1982)  is  coaaonly  used  because 
of  the  vide  antenna  bcaa  width  and  light  weight 
which  result  easy  to  set  up  the  systca  at  any 
place,  especially  for  tho  low  frequency  SAR  such 
as  1,/P  band.  Ilowcvor  it  is  necessary  to  select  tho 
site  of  very  low  back  ground  a  0  area  to  obtain 
high  accurate  calibration.  It  is  rather  difficult 
to  select  such  prcforablc  tost  site  in  Japan  whore 
the  aountain,  cultivated  area  and  city  area  arc 
prevailed  and  thcro  is  no  spacious  flat  place  such 
as  desert,  dry  up  bottoa  of  lake  cxcopt  the  surface 
of  the  still  water. 

This  paper  describes  a  delay  pulse  transponder 
systca  which  will  shift  an  echo  pulse,  for  cxaaplo, 
froa  tho  shore  of  the  lake  to  the  Biddle  of  it  on 
tho  surface  of  the  water. 

Keywords:  SAR  calibration,  delay  pulse, 
transponder. 

1.  Introduction 

It  is  beyond  question  that  the  calibration  of 
rcaotc  sensing  sensors  is  absolutely  necessary  and 
iaportant. 

In  ease  of  saall  paraactcr  SAR,  especially 
single  paraactcr  JKRS-1  SAR,  it  aust  be  caphasizcd 
that  the  calibration  is  necessary  for  tho  coapari- 
son  of  a  SAR  data  to  another  SAR  systca  or  differ¬ 
ing  leaporal  data.  Calibration  itcas  will  be  l) 
radioactric  calibration  such  as  transaitting 
power,  receiver  sensitivity  2)  antenna  radiation 
pattern  and  3)  aabiguity  ratio. 

Corner-reflector,  transponder,  and  uniforaly 
distributed  target  with  a  known  a0  values  arc 
coaaonly  used  for  space  borne  SAR  calibration.  Tho 
first  two  acthods  need  to  use  the  test  site  of 


sufficiently  saall  background  o°  such  as  a  dry 
up  bottoa  of  lake,  a  flat  desert,  a  surface  of  tho 
still  water  or  a  largo  place  of  paved  with 
asphalt.  The  topography  of  Japan  is  so  coaplicatcd 
that  it  is  very  difficult  to  find  out  such  a 
preferable  tost  site  except  the  surface  of  the 
still  water. 

Tho  surface  of  tho  still  water  aay  be  an  idoal 
low  back  ground  a  0  ,  on  tho  contrary  it  is  rather 
difficult  to  sot  up  those  targets  (corner  reflec¬ 
tor  and/or  transponder)  on  the  surface  of  tho 
water  for  tho  SAR  calibration. 

In  this  paper,  use  of  a  delay  pulse  transponder 
systca  is  proposed.  Which  is  installed  on  the 
shore  of  a  lake  and  the  echo  pulse  will  be  shifted 
as  if  it  is  installed  in  the  aiddlc  of  the  lake. 
Thus  a  very  low  a  0  back  ground  tost  site  will  be 
effectively  realized. 

2.  Delay  pulse  transponder  systca. 

Following  itcas  can  be  calibrated  by  the  delay 
pulse  transponder  sysloa: 

1)  Transaitting  power  of  SAR. 

2)  Receiver  sensitivity  and  linearity  of  SAR. 

3)  Range  and  aziauth  antenna  radiation  pattern 
of  SAR. 

4)  Aabiguity  ratio. 

There  are  two  principai  advantages  of  delay 
pulse  transponder  systca.  First,  a  low  back  ground 
tost  site  can  bo  realized  without  actually  set  up 
the  instruaent  on  the  surface  of  the  water. 

Second,  easy  to  set  up  because  its  saall  physical 
size,  light  weight  and  broad  antenna  bcaa  width. 

On  the  other  hand,  disadvantages  arc  as  follows, 
a)  transponder  needs  a  power  source  and  aaintc- 
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nance,  b)  transponder  is  more  expensive  Ilian  corner  Power  received  by  transponder  Prt  through  the 

reflector.  effective  antenna  receiving  area  of  At  is; 


The  main  function  of  the  delay  pulse  transponder 
is  to  receive  the  SAIt  signal,  amplify,  delay  for 
several  micro  seconds  but  keep  the  dopplcr  infor¬ 
mation  and  re-transmi L  the  delayed  pulse  to  the 
salel I ite. 

In  this  delay  pulse  system,  in  order  to  keep  the 
dopplcr  information,  received  pulse  is  converted 
to  I.F.  frequency  and  A/I).  Then  delay  for  several 
micro  second  in  digital  form  to  shift  the  echo 
signal  position.  Fig.  1  shows  the  block  diagram  ol 
the  delay  pulse  transponder  system. 


Pig.  1,  Block  diagram  of  delay  pulse  transponder. 

The  apparent  slant  range  of  delayed  pulse  differs 
from  the  original  slant  range  and  this  cause  a 
difference  between  the  apparent  range  migration 
for  delayed  pulse  and  original  one.  Pig.  2  shows 
the  relation  between  the  range  shift  and  an 
increment  of  range  migration.  Suppose  the  range 
shift  value  is  kept  less  than  20  km,  the  increase 
of  range  migration  is  small  enough  (one  tenth  of 
range  resolution)  to  be  ignored  as  shown  in  Pig. 2. 


c 


HANGli  SII1PT  Ay 

Pig.  2  Increment  of  migration  value  Am  as 
against  range  shift  Ay.  liefer  to 
Fig. 2  for  Am  and  Ay. 


P  rt= 

where  Pst,  Gs  arc  the  transmitting  power  and 
antenna  gain  of  the  SAIt  and  R  is  slant  range 
between  SAIt  and  transponder.  (Pig. d)  Transmitting 
power  of  transponder  Ptt,  which  provides  a 
minimum  receiving  power  Psrra  at  the  satellite  is; 

pM-  LJ  scm'bsJL! 

1  11  ~  Gt  As 

where  Gr  is  the  antenna  gain  of  transponder  and 
is  related  to  At  as  At=GL  X  2  l\%  .  Actual 
transmitting  power  of  transponder  can  bo  reduced 
by  an  improvement  factor  F  produced  by  pulse 
compression.  So  that  final  transmitting  power 
Ptt'  is  Ptt’  =  PLL/K. 


Fig.d.  Transponder  consists  of  delay  amplifier  of 
total  gain  Ga  including  antenna  gain  (Gt)2 
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Accordingly  radar  cross  section  of  the  trans¬ 
ponder  o  t  is; 

0i  =  (  A. 7  Hr. )  Go 

where  Go  is  the  overall  arapl  i  f  ication  factor  of 
the  transponder,  Go  =  I’tt/Prt. 

Let  us  assume  that  we  need  the  maximum  measure¬ 
ment  uncertainty  of  ±1  dll.  The  backscattering- Lo¬ 
cal  ibration  radar  cross  section  ratio  S  becomes; 

S=  -20  dll 

the  minimum  background  terrain  scattering  coeffi¬ 
cient  a0  is  (lilaby,  1982); 

o°  =  Oi"  A+S 

Substituting  radar  parameters  of  Table  1  to  these 
equations,  minimum  background  0°  can  be  obtained; 

0  0  g  -31.4  dll 

Natural  terrain  a  0  ranges  between  - 1 5dB — 23dl) 
for  him  at  38°  of  incident  angle.  (JPL,  1983) 
o  0  of  less  than  -30dll  can  only  be  found  at  the 
surface  of  the  water  and  desert  as  shown  in  Fig. 5, 
(Long,  1975). 


Table  1.  SAI1  parameters. 


Wave  length,  X 
Peak  transmitting  power,  Pst 
Antenna  gain,  Gs 
deceiver  noise  figurc,NF 
Psrm  minimum, 

Itcceiver  dynamic  range 
I’HF  (center  value) 

Off  nadir  angle,  <j> 

Hand  width  of  chirp  signal 
Pulse  width, t 
Satellite  orbit:  height, h 
Slant  range  (swath  center) R 
Speed  of  satellite,  v 
Ground  resolution  (3-look) 
Swath  width 
0  0  * 

Improvement  factor,  P 


23.5  cm  (L-band) 
1100  w 

33.5  dll 
4.1  dB 
-92  dBm 
22  dB 
1555  llz 
35° 

15  Mil/. 

35  At  s 

568  km  (sun  synch.' 

709  km 

6.956  km/s 

18m  x  18m 

75  km 

-20.5  dB 

27.2  dB 


*  Noise  equivalent  back  scattering  coefficient. 
Arrangement  of  transponder  for  the  measurement  of 
SAI!  antenna  pattern  in  the  range  direction,  at 
least  3  measurement  points  are  necessary  within 
swath  width.  For  dynamic  range  and  linearity  of 
the  receiver,  transponder  out  put  -lOvul  will  be 
changed  together  with  a  small  additional  delay,  we 
can  get  successive  variable  intensity  pulse  train. 


The  return  pulses  of  the  transponder  will  appear 
at  the  different  point  in  the  SAII  image  but  it 
came  back  through  the  same  antenna  beam  position, 
so  that  the  echo  intensities  indicate  the  receiver 


linearity  excluding  antenna  pattern  characteris¬ 
tics. 


4.  Conclusion 

It  can  be  concluded  from  the  above  discussion 
that  the  delay  pulse  transponder  is  useful  espe¬ 
cially  in  the  complicated  terrain  area  such  as 
Japan  Islands  where  it  is  very  difficult  to  select 
a  flat  test  site  of  low  0°  . 

It  should  be  investigated  in  the  next  step  about 
the  shift  in  the  azimuth  direction  and  another 
delay  pulse  system  utilizing  the  time  delay  of 
magnetic  wave  propagation  with  a  small  corner 
reflector  placed  at  a  required  distance  from  the 
transponder . 
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1.0  Introduction 

One  of  the  desired  end-uses  of  synthetic  aperture 
radar  (SAR)  data  Is  to  utilize  the  Image  intensity 
values  as  inputs  into  algorithms  which  estimate  some 
biophysical  or  geophysical  parameter  about  the  surface 
being  Imaged.  For  Instance,  there  Is  a  concerted  on¬ 
going  research  effort  to  develop  connecting  models  so 
that  spaceborne  SAR  data  can  be  utilized  In  a  variety 
of  forest  ecosystem  models  (Kaslschke  and  Christensen, 
1989). 

The  precision  of  the  algorithms  which  utilize  SAR 
Image  Intensity  data  to  generate  a  specific 
biophysical  or  geophysical  parameter  are  going  to  be 
directly  dependent  on  the  precision  of  the  SAR 
estimate  of  Image  Intensity.  In  turn,  the  precision 
of  the  SAR  image  Intensity  measurement  Is  dependent  on 
three  distinct  terms:  (1)  radar  fading  or  speckle 
noise  resulting  from  the  coherent  nature  of  the  SAR; 

(2)  spatial  variance  In  the  physical  radar  cross 
section  of  the  scene;  (3)  calibration  errors 
Introduced  by  system  Instabilities  or  uncertainties  In 
knowledge  of  the  SAR  collection  geometry  or  the  SAR 
sensor  parameters. 

Although  the  errors  associated  with  each  of  these 
terms  has  been  researched  Independently  (see,  e.g., 
Goodman,  1976;  Kaslschke  and  Fowler,  1989;  Ulaby  et 
al.,  1982,  p.  476-494),  no  studies  have  been  carried 
out  which  explore  the  combined  effects  of  these  terms. 
This  paper  attempts  to  fill  that  void  by  presenting  a 
model  for  calculating  the  fluctuations  expected  In  a 
SAR  scene  as  a  function  of  calibration  error  and 
spatial  distribution  parameters.  The  model  Is  broken 
down  Into  two  parts,  a  model  for  the  spatial 
distribution  function  and  a  model  for  the  calibration 
errors,  which  are  discussed  In  separate  sections 
below.  Expressions  for  the  statistics  of  the 
resultant  SAR  image  values  are  then  calculated  from 
these  models  and,  In  the  final  section,  some 
conclusions  are  presented. 

2.0  Spatial  Distribution  Model 

Wackerman  (1989)  presents  an  overall  model  for 
determining  the  spatial  distribution  of  diffuse 
scatterers  In  a  SAR  scene.  In  general,  this  model 
assumes  that  a  diffuse  scene  can  be  broken  down  Into  a 
number  of  cells  which  have  some  radar  cross  section 
value  that  are  rough  with  respect  to  the  radar 
wavelength  of  the  SAR.  The  backscattered  energy  from 
each  cell  will  then  vary  with  traditional  speckle 
statistics  about  Its  radar  cross  section  value.  We 
will  let  the  radar  cross  section  values  vary  from  cell 


to  cell  and  assume  that  this  spatial  variation  in  mean 
radar  cross  section  can  be  described  by  a  density 
function  fm (m)  for  each  scene.  Essentially  we  are 
assuming  the  type  of  scene  (l.e.  wheat,  oak  trees, 
etc.)  can  be  parameterized  by  Its  density  function, 
fm,  that  describes  the  spatial  variation  In  scattering 
sources.  If  we  also  assume  the  SAR  Image  values  are 
Intensity  values  and  that  the  Image  could,  In  general, 
have  been  multi-looked,  then  the  speckle  fluctuations 
can  be  described  by  a  gamma  density  function, 
r(s;c,l/c)  where 

T(x;c,b)  =  (x/b)c_1[exp(-x/b)]/br(c)  ,  (1) 

where  c  Is  the  shape  parameter  equal  to  the  number  of 
Independent  speckle  values  averaged  together  to 
generate  the  multi-looked  data,  b  Is  a  scale 
parameter,  and  r(c)  Is  the  gamma  function.  If  we 
consider  the  image  values  from  the  entire  scene  as 
samples  from  a  single  random  variable,  s,  Its  density 
function  would  then  be 

00 

fs(s)  =  /  r(s;c,m/c)fm(m)dm  .  (2) 

0 

Note  that  the  model  in  Eq.  (2)  combines  the  effects  of 
radar  fading  and  natural  scene  variability  into  one 
term,  fs(s). 

3.0  Calibration  Model 

If  we  let  the  random  variable  s  in  Eq.  (2) 
represent  the  radar  cross  section  values  for  each 
resolution  cell  within  the  scene  being  Imaged  by  the 
SAR,  then  the  power  recorded  by  the  SAR  system  for 
each  resolution  cell,  Pr,  can  be  formulated  as 

Pr  =  G(0)s  +  Pn  (3) 

where  Pp  Is  the  additive  noise  power  for  the  system 
and  G(0)  represents  the  overall  system  gain  as  a 
function  of  the  incidence  angle,  e,  between  the  SAR 
and  the  resolutions  cell.  It  Is  well  established 
(see,  e.g.,  Ulaby  et  al.,  1982,  p.  661-664)  that 

HX3PtA2(0) 

m  -  I-—  (4) 

2(4*)3R3s1n(e) 

where  H  Is  the  overall  SAR  receiver  and  processor 
gain,  X  Is  the  radar  wavelength,  P*  Is  the  transmitted 
power,  A (0)  Is  the  antenna  gain  as  a  function  of 
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incidence  angle  and  R  is  the  range  from  the  SAR  to  the 
scene  cel  1 . 

The  purpose  of  the  calibration  procedure  is  to 
transform  the  recorded  power,  Pr,  into  a  radar  cross 
section  value,  s,  either  in  an  absolute  or  relative 
sense  (Kastschke,  1989).  To  do  so  we  need  to  have  an 
estimate  of  both  the  system  noise,  Pn',  and  the  gain 
function,  G'(0).  From  Eq.  (3)  we  estimate  the  radar 
cross  section,  s' ,  by 

pr  -  pn-  m  (pn  -  pn') 

s'  =  - - = - —  s  + - .  (5) 

G'(0)  G '(O)  G'(0) 


If  we  assume  that  either  we  have  a  precise  estimate  of 
the  system  noise,  or  that  Pr  >  Pn,  then  we  can  ignore 
the  second  term  in  Eq.  (5),  and 


G(0) 

C  1  N  _  C 

"  G'(tf) 


(6) 


Any  SAR  system  will  have  inherent  instabilities 
in  its  hardware  which  limit  the  ability  to  estimate 
G'(0). 

These  uncertainties  can  be  estimated  using  either  a 
propagation  of  error  model  (see,  e.g.,  Kasischke  and 
Fowler,  1989)  or  measured  by  imaging  targets  whose 
radar  cross  sections  are  known  (Kasischke,  1989).  In 
either  case,  for  our  combined  model,  we  assume  the 
system  gain  function  has  a  mean  value,  E[G(0)],  and  a 
variance,  var(6(0)]  which  can  be  estimated  to  some 
degree  of  accuracy.  From  these  values  we  can 
calculate  a  coefficient  of  variation,  CG, 


CG 


var[G(e)] 

(E[G(tf)172 


(7) 


which  will  be  used  below.  In  general,  both  the  mean 
and  the  variance  of  G  might  be  functions  of  6; 
however,  here  we  assume  that  var[G(0)]  is  constant 
over  0;  i.e.  that  the  system  instabilities  are 
inherent  in  the  hardware  and  do  not  depend  on  0. 

In  order  to  perform  calibration  we  must  generate 
3‘;  an  estimate  of  G.  From  the  above  discussion,  it 
is  clear  that  we  need  to  estimate  E[G(0)].  Let 

G'(0)  =  DjE[G(0)l  +  B2.  (8) 

The  constants  Bj  and  Bp  represent  any  errors  in  the 
calibration  procedure  due  to  uncertainties  in 
knowledge  about  the  SAR  collection  geometry  or  the  SAR 

system  parameters  specified  in  Cq.  (4),  for  examples, 
errors  in  the  range  value  or  the  antenna  pattern  gain. 
We  assume  a  linear  model  for  these  errors  since  in 
most  cases  they  are  represented  as  a  scale  factor  or  a 
shift  in  value  for  any  of  the  system  parameters, 
although  there  are  some  non-linear  relationships  (hew 
altitude  errors  effect  range  values,  for  example). 
Re-writing  Eq.  (6)  as  s'=<2S  where  a  *  G/G'  and  using 
Eq.  (8)  we  have 


Elaj  = 

(  1  ’I 

|Bj  + - j 

|  E[G«7)3  | 

0) 

var[«] 

‘■;8i2  +  8p2^ 

BjBpEfG^)] 

!-l 

(10) 

j  CG  var[G(6)] 

var[G(0)] 

If  we  assume  that  the  density  function  for  a  Is  fa 
then  the  density  function  for  s',  f £ • ,  is 

fs'(s')  =  J  J  r(s‘ ;c,nvjf/c)fra(m)fa(a)dmda.  (11) 

Eq.  (11)  represents  the  most  general  result  from  our 
model.  Given  knowledge  about  the  calibration  procedure 
errors  (Bi  and  Bp),  the  system  instabilities  (E[G], 
var[G]  ana  fa),  the  type  of  field  being  Imaged  (fra), 
and  the  type  of  speckle  multi -looking  that  was 
performed"  (c),  one  can  use  Eq.  (11)  to  calculate  the 
expected  density  function  for  any  diffuse  scene  in  the 
SAR  image.  Comparing  fsi  from  different  scenes  can 
generate  estimates  of  how  distinguishable  they  are. 

4.0  More  Specific  Results 

The  results  stated  above  are  somewhat 
overgeneralized  to  be  useful.  In  order  to  achieve  more 
useful  results,  additional  simplifying  assumptions  are 
required.  First  we  assume  that  the  additive  error 
terms  in  our  error  model  are  small  relative  to  the 
multiplicative  errors,  so  that  Bp  In  Eq.  (8)  is 
essentially  zero.  Although  the  primary  motivation  for 
this  is  admittedly  one  of  computational  simplicity  in 
Eqs.  (9)  and  (10),  it  can  also  be  justified  by 
assuming  that  the  imaging  geometry  is  well  known,  the 
calibration  procedure  is  essentially  correct  and  that 
we  can  estimate  all  of  the  system  parameters 
relatively  accurately.  If  this  is  so,  then  the 
multiplicative  factors  in  Eq.  (4)  are  the  key  terms  in 
the  calibration  proces  Second  we  will  assume  that 
fa  is  a  Gaussian  density  function  since  the  randomness 
in  G  comes  from  the  combination  of  all  the 
Instabilities  in  each  part  of  the  radar.  Third, 
simply  for  the  sake  of  Illustration,  we  will  assume 
that  fm  is  also  Gaussian  with  mean  and  variance  v0. 
Our  first  assumption  allows  us  to  re-write  Eqs.  (9) 
and  (lO)  as 

E[a]  =  1/Bi 

var[a]  =  CG/B22  . 

With  our  second  and  third  assumptions  substituted 
Eq.  (11)  we  can  calculate  the  statistics  of  s'  as 

E[s ’]  *  m0/Bi 

1  c+1  c+1  m02 

var[s’]  =  —  — CG(m02+v0)  +  — v0  +  —  . 

Bj2  ^  c  c  c 

Eqs.  (14)  and  (15)  present  give  some  more  intuitive 
insight  into  the  effect  of  the  different  perturbation 
terms.  Eq.  (14)  shows  that  E[s‘]  is  strictly 
dependent  on  the  mean  value  of  the  radar  cross  section 
of  the  scene  being  Imaged,  m0,  and  any  scale  factor 
errors  in  the  calibration  procedure.  Eq.  (15)  shows 
that  the  variance  term  can  be  broken  down  into  three 
components.  The  third  term  in  the  brackets  of  Eq. 

(15)  represents  the  spread  in  SAR  image  values  due  to 
the  Inherent  radar  cross  section  of  the  scene;  this 
represents  the  lower  bound  on  the  variance.  The 
suvund  tuns  Is  the  added  variance  due  lo  any  spatial 
variation  in  the  radar  cross  section  values.  The 
first  term  is  the  Increase  in  variance  due  to  inherent 
system  instabilities  represented  by  the  CG  term.  Mote 
that  this  first  term  also  depends  on  nu  and  v0  as  Is 
expected  since  any  system  variations  wTll  enhance  any 
radar  cross  section  variations.  Finally,  Bj  simply 


(12) 

(13) 
into 

(14) 

(15) 
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acts  as  a  scale  factor,  and  thus  could  be  normalized 
out.  Eqs.  (14)  and  (15)  thus  give  a  more  direct, 
although  less  precise,  method  of  predicting  the 
ability  to  differentiate  between  two  scenes  gl/en 
knowledge  of  the  system  Instabilities  (CG),  the  type 
of  scene  being  Imaged  (mo,  v0),  the  type  of  multi- 
looking  that  was  performed  (c)  and  the  calibration 
scale  parameters  (Bj).  In  addition,  Eq.  (11) ,  with 
the  two  Gaussian  assumptions,  provides  a  method  for 
numerically  calculating  the  actual  density  functions 
so  that  probabilities  of  false  alarm  versus 
probabilities  of  missed  detection  could  be  calculated. 

As  a  final  Illustration,  we  can  derive  a  quick 
method  of  determining  If  two  fields  could  be 
distinguished  by  a  SAR  as  follows.  Assume  that  we 
have  single  looked  SAR  data  so  that  c  ■>  1  and  that  the 
calibration  procedure  Is  correct  so  that  B^  «  1. 
Further  assume  that  the  spatial  variation  of  radar 
crossectlon  values  for  the  SAR  scenes  can  be 
parameterized  by  letting 

v0  *  Porao  (16) 

so  that  the  p0  parameter  specifies  the  degree  of 
fluctuation  for  the  scene.  Eqs.  (14)  and  (15)  now 
become 

E[s')  «  m0  (17) 

var[s'3  -  mo2(2p0[CG+l]  +  2CG  +  1)  .  (IB) 

If  we  have  two  fields  with  mean  itiq  and  mi  respectively 
and  we  assume  that  they  are  distinguishable  If  mi  -  m? 
Is  greater  then  q  times  the  sum  of  their  standard 
deviations,  then  we  have  the  requirement 

Am  >  q(m0f5p0(CG+l)+2CG+l  + 

ra1l2p1(cG+i)+2CG+i.)_  (19) 

where  Am  «  mi  -  (tu.  Eq.  (19)  now  provides  a  simple 
test  for  determining  how  system  Instabilities  and 
spatial  variation  In  the  radar  cross  section  of 
different  field  types  can  effect  differentiation. 


5.0  Conclusions 

We  have  presented  a  model  for  estimating  the 
fluctuations  In  a  SAR  Image  of  diffuse  scenes  based  on 
three  error  sources:  (1)  speckle  fluctuations;  (2) 
system  instabilities  and  calibration  errors;  (3) 
spatial  variation  in  the  radar  cross  section  values 
for  the  scene.  A  general  model  was  presented  along 
with  a  simpler  version  that  gave  more  Intuitive 
results  that  described  how  each  term  Increased  In  SAR 
Image  value  fluctuations.  A  simple  test  was  derived 
to  determine  how  system  Instabilities  and  spatial 
fluctuations  In  radar  cross  section  effect 
differentiation  of  SAR  scenes. 
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The  Coddard  Space  Flight  Center  and  the  University 
of  Massachusetts  have  been  developing  a  synthetic  aper¬ 
ture  radiometer  for  microwave  remote  sensing  of  the 
earth.  The  radiometer  measures  the  complex  correlation 
of  the  voltage  from  pairs  of  antennas  at  many  different 
baselines.  Each  baseline  produces  a  sample  point  in 
the  Fourier  transform  of  the  scene,  and  a  map  of  the 
scene  itself  is  obtained  after  all  measurements  have 
been  made  by  Inverting  the  transform. 

An  aircraft  prototype  to  demonstrate  this  concept 
is  being  developed  at  L-bnnd  to  measure  soil  moisture. 
The  prototype  is  a  hybrid  which  uses  real  aperture 
antennas  to  obtain  resolution  along  track  (stick  anten¬ 
nas)  and  employs  aperture  synthesis  to  obtain  resolu¬ 
tion  across  track.  The  prototype  was  flight  tested 
aboard  the  NASA  P-3  in  June,  1988,  over  the  Delmarva 
peninsula  south  of  NASA's  Wallops  Flight  Facility. 

The  map  made  during  this  flight  shows  the  major  land/ 
water  features  and  compares  very  favorably  with  a  Land- 
sat  image  of  the  area. 

Key  words.  Microwave  Radiometer,  Synthetic  Aperture 
INTRODUCTION 

Real izing  the  full  potential  of  passive  microwave 
remote  sensing  from  space  requires  putting  relatively 
large  antennas  in  orbit.  For  example,  antenna  size  is 
already  the  factor  limiting  deployment  in  space  of  a 
radiometer  to  monitor  surface  soil  moisture.  The  soil 
moisture  measurement  is  optimally  done  at  a  long  wave¬ 
length  (21  cm)  with  a  spatial  resolution  of  about  10  km 
(Murphy  et  al,  1987;  Le  Vine  et  al,  1989).  This  combi¬ 
nation  of  wavelength  and  resolution  requires  an  antenna 
on  the  order  of  20  m  x  20  m  even  in  low  earth  orbit 
(e.g.  as  planned  for  the  Eos  system;  Butler  et  al, 

1987)  and  a  very  much  larger  antenna  if  the  monitoring 
is  to  be  done  from  geostationary  orbit.  Furthermore, 
soil  moisture  maps  must  be  updated  regularly  (every  1  - 
3  days)  which  means  that  this  large  structure  must  scan 
a  very  wide  swath,  even  in  low  earth  orbit. 

Aperture  synthesis  may  offer  a  way  to  achieve 
these  requirements.  Aperture  synthesis  is  a  technique 
rn  which  the  complex  correlation  of  the  output  voltage 
from  pairs  of  antennas  is  measured  at  many  different 
baselines.  Each  baseline  produces  a  sample  point  in 
the  two  dimensional  Fourier  transform  of  Che  scene, 
and  a  map  of  the  scene  is  obtained  after  all  measure¬ 
ments  have  been  made  by  inverting  the  transform.  Only 
one  antenna  pair  is  needed  for  each  independent  base¬ 
line  and  small  antennas  can  be  employed  because  the 
resolution  is  determined  by  how  well  the  Fourier  space 


has  been  sampled,  not  by  the  resolution  of  the  actual 
antennas  employed  in  the  measurement.  Consequently,  a 
substantial  reduction  can  be  obtained  in  the  antenna 
collecting  area  required  in  space  as  compared  to  a 
conventional  imaging  radiometer  of  the  same  resolution. 

Aperture  synthesis  has  been  successfully  employed 
in  radio  astronomy  to  obtain  very  high  resolution  maps 
of  radio  sources  in  what  is  called  "earth  rotation 
synthesis"  (Swenson  and  Mathur,  1968;  Brouw,  1975; 
Thompson,  Moran  and  Swenson,  1986).  The  Very  Large 
Array  in  Socorro,  New  Mexico  is  an  example  (Napier  et 
al,  1983).  It  can  also  be  done  from  space  to  look  down 
on  the  earth  for  purposes  of  remote  sensing  (e.g.  Le 
Vine,  et  a],  1989;  Le  Vine  and  Good,  1983;  Schanda, 
1979)..  The  principle  advantages  of  aperture  synthesis 
are  its  potential  to  form  a  high  resolution  map  with 
small  antennas  and  the  fact  that  no  mechanical  scanning 
is  necessary.  However,  because  the  technique  also 
reduces  the  physical  collecting  area,  a  major  issue  to 
be  addressed  in  applying  aperture  synthesis  to  remote 
sensing  from  space  is  achieving  the  required  radiomet¬ 
ric  sensitivity,  A  T. 

The  sensitivity  at  each  pixel  in  the  image  formed 
with  aperture  synthesis  can  be  written  in  a  number  of 
equivalent  forms  (e.g.  Napier  et  al,  1983;  Ruf  et  al, 
1988)  one  of  which  is  the  following  (Le  Vine,  1989); 

T  A 

sys  ”syn 

a  x  -  _  .  _ L_  a) 

•/B  r  n  A 

e 

where  TSyS,  B  and  r  are  the  system  noise  tempera¬ 
ture  ,  the  bandwidth  and  the  integration  time ,  respect¬ 
ively  of  the  correlation  receiver  (i.e.  assumed  to  be 
identical  for  all  antenna  pairs) ;  and  where  Asyn 
and  Ae  are  the  equivalent  areas  of  the  synthesized 
antenna  and  the  actual  antennas  used  in  the  measure¬ 
ments;  and  where  n  is  the  square  root  of  the  number  of 
Independent  antenna  baselines  in  the  measurement. 

Under  a  reasonable  approximation  (e.g.  Napier  et  al, 
1983;  Le  Vine,  1989),  n  the  number  of  antennas  used 
in  the  measurements,  in  which  case,  Equation  1  is  just 
the  sensitivity  of  a  conventional,  total  power  radio¬ 
meter  (i.e,  Tsys/J&P )  times  the  ratio  of  the 
effective  area'of  the  synthesized  beam,  Asyn,  to  the 
actual  collecting  area,  n  Ae  employed  in  the  measure¬ 
ment. 

Achieving  adequate  sensitivity  is  an  especially 
critical  issue  for  microwave  remote  sensors  in  low 
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earth  orbit  because  the  motion  of  the  platform  (about  7 
km/s)  limits  the  integration  time  available  for  imaging 
a  particular  scene.  The  problem  is  especially  perni¬ 
cious  because  high  spatial  resolution  means  larger 
ASyn  and  also  less  time  spent  by  the  spacecraft  over 
the  scene.  In  principle,  the  sensitivity  can  be  im¬ 
proved  by  increasing  the  integration  time-bandwidth 
product.  However,  for  sensors  in  space,  platform  motion 
restricts  the  integration  time,  and  requirements  on  the 
field-of-view  and  the  problem  of  RFI  restrict  the  band¬ 
width  (Thompson  and  D'Addario,  1982).  Sensitivity  can 
also  be  improved  by  increasing  the  product,  n  Ac,  for 
example  by  making  many  measurements  at  the  same  time; 
however,  this  generally  means  more  hardware  in  orbit. 

In  order  to  demonstrate  that  aperture  synthesis 
can  be  employed  for  microwave  remote  sensing  from  a 
moving  platform  and  to  study  some  of  the  critical  is¬ 
sues  such  as  mentioned  above,  we  have  assembled  a 
prototype  instrument  for  deployment  on  an  aircraft. 

This  instrument  is  a  hybrid  which  uses  real  antennas  to 
achieve  resolution  in  one  dimension  and  uses  aperture 
synthesis  to  achieve  resolution  in  the  other  dimension. 
This  is  a  convenient  configuration  for  testing  the 
concept  because  aperture  synthesis  is  only  done  in  one 
dimension  The  configuration  is  also  relevant.  because 
it  is  one  which  could  be  implemented  in  low  earth  orbit 
to  do  the  soil  moisture  measurement  (Le  Vine,  et  al, 
1989;  Murphy  et  al,  1987). 

INSTRUMENT  DESCRIPTION 

The  concept  is  illustrated  in  Figure  1.  The  sen¬ 
sor  consists  of  an  array  of  stick  antennas  oriented 
with  their  axis  in  the  direction  of  motion.  The  stick 
antennas  produce  a  fan  beam  which  is  narrow  in  the 
direction  of  motion  (along- track)  and  broad  in  the 
cross- track  dimension.  The  fan  beam  is  swept  along  the 
surface,  as  the  sensor  moves,  and  provides  resolution 
along-track.  Resolution  across-track  is  achieved  using 
aperture  synthesis  with  pairs  of  the  stick  antennas. 


PLATFORM  MOTION 


Figure  2:  Block  diagram  showing  the  signal  processing 


All  of  the  sticks  are  aligned  to  view  the  same  cigar¬ 
shaped  footprint  and  all  the  correlation-pairs  are 
measured  simultaneously.  When  all  the  measurements  are 
processed  an  image  is  obtained  of  the  fan-beam  foot¬ 
print  with  a  resolution  determined  by  the  maximum  base¬ 
line  between  antennas.  By  using  a  maximum  baseline 
comparable  to  the  length  of  the  sticks,  one  obtains 
equivalent  resolution  in  both  dimensions.  Since  only 
those  pairs  which  result  in  independent  baselines  are 
needed,  only  a  sparse  array  of  sticks  is  necessary. 
Furthermore,  no  scanning  is  necessary  as  the  Fourier 
transform  yields  an  Image  of  the  entire  fan  beam. 

Some  of  the  choices  we  made  in  deciding  how  to 
implement  this  concept  were  determined  by  the  resources 
which  were  available  at  the  time.  In  particular,  by 
adapting  an  existing  array  of  L-band  dipoles  to  our 
purpose,  we  were  able  to  save  considerably  in  time  and 
money  compared  to  the  costs  of  designing  and  fabricat¬ 
ing  new  stick  antennas.  The  existing  array  consisted 
of  6 4  crossed  dipoles  arranged  in  a  rectangular  array 
of  eight  elements  on  a  side  and  spaced  1/2  wavelength 
apart.  By  combining  the  dipoles  into  rows,  an  array 
of  eight  parallel  stick  antennas  was  created.  (Each 
stick  is  a  linear  array  of  eight  dipoles.)  Each  of  the 
resulting  sticks  has  a  beam  approximately  +/-  45  de¬ 
grees  wide  in  the  cross  crack  dimension  and  about  +/-  6 
degrees  in  the  along  track  dimension.  With  these  anten¬ 
nas  it  is  possible  to  measure  baselines  with  integer 
multiples  of  X/2  from  zero  to  7.  The  measurement  at 
zero  spacing  provides  the  constant  (dc)  in  the  Fourier 
series.  Although  only  a  minimal  amount  of  thinning  is 
achieved  with  this  particular  array,  the  number  of 
sticks  needed  decreases  dramatically  for  a  larger  array. 
For  example,  a  20  m  x  20  m  array  suitable  for  measuring 
soil  moisture  from  space  would  be  more  than  80%  empty. 

Figure  2  is  a  block  diagram  of  the  signal  process¬ 
ing  required  in  this  system.  In  the  first  step  (receiver 
front  end)  the  signal  is  amplified,  filtered  (center 
frequency  of  1413 . 5  MHz)  and  mixed  down  to  a  convenient 
IF.  Two  IFs  were  used.  Tn  parMrulnr,  the  signal  from 
each  antenna  was  split  and  mixed  to  113.5  MHz  in  one 
path  and  143.5  MHz  in  the  other.  Then,  the  multiplica¬ 
tion  was  done  by  summing  signals  with  different  IF  and 
passing  them  through  a  square  law  detector  and  filter. 
This  produced  a  signal  centered  at  30  MHz  which  was 
coherently  mixed  with  a  reference  oscillator  at  30  MHz 
to  produce  the  inphase  product  and  with  the  oscillator 
shifted  90  degrees  to  obtain  the  quadrature  product. 

The  measurement  for  zero  spacing  must  be  done 
slightly  differently  because  in  this  case  the  two  arms 
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co  be  multiplied  are  Identical  and  Che  system  noise  is 
correlated.  A  null  feed  back  radiometer  was  used  for 
this  measurement.  This  Is  a  total  power  radiometer  In 
which  a  portion  of  the  output  Is  compared  with  a  refer¬ 
ence  source  (noise  diode)  and  the  gain  In  a  feedback 
loop  Is  adjusted  until  the  output  Is  zero.  The  gain 
provides  a  measure  of  the  actual  input  noise.  This 
scheme  was  adopted  because  it  permitted  using  the  same 
front  end  for  both  the  correlation  channels  and  the 
total  power  channel. 

This  receiver  yields  15  Independent  measurements: 

1  and  Q  output  for  each  of  the  7  baselines  plus  the 
total  power  out  at  the  zero  spacing.  These  data  were 
averaged  for  about  1/A  second  using  a  low  pass  filter 
at  the  correlator  output,  the  averages  were  then  digi¬ 
tized  and  stored.  In  addition,  a  reference  signal  at 
1413.5  MHz  is  periodically  switched  in  at  the  antenna 
terminals.  This  provides  a  reference  to  keep  track  of 
changes  in  phase  and  gain  in  each  of  the  channels  of 
the  correlator.  Also,  thermistors  were  placed  through¬ 
out  the  system  to  monitor  temperature. 

DATA  REDUCTION 

Under  ideal  conditions  (e.g.  neglecting  fringe 
washing  and  other  potential  problems:  Thompson  and 
D'Addario,  1982)  the  correlator  output  can  be  written 
as  a  Fourier  transform  of  the  scene,  T(x)  (Thompson, 
Moran  &  Swenson,  1986;  Swenson  and  Mather,  1983).  In 
one  dimension  the  result  can  be  written  in  terms  of 
the  direction  cosine,  x,  of  the  vector  from  the  antenna 
to  the  scene,  as  follows  (Le  Vine,  1989): 

V(k)  -  CORRELATOR  OUTPUT 

+1 

-  C(k)  /  P(x)T(x)exp[-J (2xd/A)x)dx  (2) 

-1 

where  k  is  an  integer  denoting  the  baseline  (k  -  0,  1, 

2  ...  7  in  the  case  at  hand) ,  C(k)  is  a  (complex)  const¬ 
ant  which  depends  on  the  gain  and  phase  of  the  relevant 
paths  in  the  receiver,  and  P(x)  is  the  normalized 
antenna  pattern  (Kraus,  1966)  of  each  "stick"  divided 
by  cos(x).  The  objective  in  aperture  synthesis  is  to 
obtain  enough  measurements,  V(k),  to  invert  this  equa¬ 
tion  and  obtain  a  map  of  T(x).  This  can  be  done  ana¬ 
lytically  using  either  a  discrete  Fourier  transform  on 
the  set  (V(k) )  or  it  can  be  done  numerically  by  "discre¬ 
tizing"  the  Integral  in  Equation  2  and  then  numerically 
doing  a  matrix  inversion  to  obtain  the  brightness. 

Both  approaches  are  being  developed  for  obtaining  T(x) , 
but  most  success  has  been  achieved  to  date  using  the 
"discretized"  integral  The  approach  has  been  to  seek 
and  optimum  Inversion  using  test  scenes  to  optimize 
the  basis  matrix  and  to  determine  unknown  parameters 
of  the  system  (i.e.  offsets  and  gains  such  as  the  C(k) 
in  Equation  1).  The  "data"  used  to  obtain  this  optimi¬ 
zation  included  measurements  of  the  antenna  pattern, 
the  response  of  each  channel  to  a  point  source  and 
several  reference  scenes  such  as  an  image  of  the  hori¬ 
zon.  At  this  time,  the  inversion  is  yielding  an  image; 
however,  work  is  still  being  pursued  ro  refine  the 
inversion  and  to  fully  understand  the  sources  of  error. 

FLIGHT  TEST 

The  instrument  was  assembled  in  January,  1988,  and 
tested  during  a  brief  check-out  mission  aboard  the  NASA 
P-3  the  following  February.  The  hardware  performed 
well  during  this  test;  however,  significant  problems 
were  encountered  with  radio  frequency  interference 
(RFI).  A  full  scale  test  of  the  instrument  took  place 
several  months  later  (June,  1988)  after  changes  had 


Figure  3:  The  area  mapped  during  the  June,  1988  flight. 


been  completed  to  reduce  the  effects  of  RFI.  The  pur¬ 
pose  of  this  flight  was  to  collect  data  to  determine  if 
an  image  could  actually  be  formed.  It  was  decided  to 
perform  this  test  over  the  Delmarva  peninsula  because 
the  multitude  of  land/water  boundaries  in  this  area 
provided  a  region  of  high  radiometric  contrast  which 
the  instrument  should  clearly  detect.  Figure  3  is  a 
map  showing  the  region  imaged.  The  flight  originated 
at  Goddard's  Wallops  Flight  Facility  (WFF)  and  con¬ 
sisted  of  a  series  of  East-West  passes  from  the  Chesa¬ 
peake  Bay  across  the  peninsula  to  the  Atlantic  ocean 
and  back.  The  region  of  the  peninsula  which  was  mapped 
is  indicated  by  the  dashed  box.  Figure  4a  is  a  Landsat 
image  made  of  this  same  area  in  November  (1982).  It  is 
Included  here  as  a  reference  to  identify  physical  fea¬ 
tures  of  the  peninsula.  In  particular,  notice  the 
islands  and  sandbars  which  mark  the  extreme  East  coast 
of  the  peninsula  and  the  marsh  that  exists  between 
these  islands  and  the  mainland.  One  expects  that  in 
this  area  the  L-band  radiometer  which  is  sensitive  to 
moisture  in  the  soil  may  give  a  different  image  than 
the  Landsat  (infrared)  image. 

Figure  4b  is  the  image  obtained  with  the  ESTAR 
radiometer  during  the  June  flight.  Notice,  the  rivers 
in  both  images  on  the  West  coast  and  the  sandbars  on 
the  extreme  Eastern  edge  at  the  Atlantic  coast.  The 
color  code  used  in  the  ESTAR  image  has  blue  at  the 
coldest  and  progresses  through  green,  red,  yellow  and 
white  as  the  temperature  increases.  Notice  the  temper¬ 
ature  gradients  in  the  coastal  areas  and  the  relatively 
uniformly  warm  temperatures  over  the  central  land  areas. 
This  flight  was  at  about  1670  m  (5,000  ft)  which  gives 
a  resolution  cell  on  the  ground  of  about  350  m.  The 
resolution  degrades  at  the  extremes  of  the  fan  beam, 
but  the  edges  have  been  trimmed  to  provide  an  image 
with  a  reasonably  uniform  resolution. 

Although,  the  sky  was  mostly  clear  during  this 
flight  a  rather  large  cumulus  cloud  lay  over  the  area 
in  th?  upper  left  of  the  ESTAR  izzsgc.  This  cloud  v«s 
dense  enough  to  prevent  optical  photography  of  the 
ground  (and  give  a  rough  ride  in  the  airplane)  but 
clearly  did  not  prevent  microwave  imaging  of  the  sur¬ 
face. 

CONCLUSIONS : 

The  long  term  objective  of  this  research  is  to 
develop  aperture  synthesis  as  a  tool  for  microwave 
remote  sensing  from  space.  The  initial  step  has  been 
to  demonstrate  the  technique  by  making  soil  moisture 
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measurements  from  an  aircraft.  A  beginning  has  been 
made  and  our  success  as  documented  in  this  paper  indi¬ 
cates  the  potential  of  the  technique. 

However,  to  bo  a  scientifically  useful  tool,  the 
instrument  must  be  calibrated.  That  is,  an  actual 
temperature  needs  to  be  assigned  to  the  colors  in  Fig¬ 
ure  4b.  We  are  currently  working  to  establish  this 
calibration.  This  work  includes  flights  over  "known" 
scenes  and  flights  with  a  reference  instrument  (such  as 
a  thermal  infrared  sensor)  and  refinements  of  our  image 
inversion.  We  are  also  changing  the  hardware  (the 
antennas  and  filters)  to  facilitate  the  calibration  and 
to  help  cope  with  a  persistent  problem  with  RFI . 


ACKNOWLEDGMENT: 

We  wish  to  acknowledge  the  contributions  of  C. 

Ruf  to  the  initial  design  of  the  electronics  and  to  T. 

Hiett  for  his  work  in  various  stages  of  electronics  and 

algorithm  development.  This  work  supported  from  grants 

from  NASA  (NAS5-29385)  and  USDA  Agricultural  Research 

Service  (USDA-#58-32U4-7-064, 

REFERENCES : 

Brouw ,  W.  N.,  "Aperture  Synthesis",  in  Methods  In 
Computational  Physics ,  Vol  14,  B.  Adler,  Ed  ,  pp 
131-175,  Academic  Press,  1975. 

Butler,  et  al.,  "From  Pattern  to  Process:  The  Strategy 
of  the  Earth  Observing  System",  Eos  Science  Steering 
Committee  Report,  Vol  IX.  1988. 

Kraus,  J.  D. ,  Radio  Astronomy.  McGraw-Hill  Book 
Company,  1966. 

Le  Vine,  D.  M.  and  J.  Good,  "Aperture  Synthesis  for 
Microwave  Radiometers  in  Space”,  NASA  TM-85033  (Avial 
NTIS  #83N-36539),  1983. 


Le  Vine,  D.  M.,  T.  T.  Wilheit,  R.  Murphy  and  C.  Swift, 

"A  Multifrequency  Microwave  Radiometer  of  the 
Future",  IEEE  Trans,  on  Geosci  &  Remote  Sensing, 

Vol.  27  (2),  pp.  193-199,  1989. 

Le  Vine,  D.  M. ,  "The  Sensitivity  of  Correlation  Radio¬ 
meters  for  Remote  Sensing  from  Space" ,  NASA  TM- 
XXXXX,  1989. 

Murphy  R.  et  al.,  "Earth  Observing  Systems  Report". 

Vol.  lie,  report  of  the  "High-Resolution  Multi¬ 
frequency  Microwave  Radiometer  Instrument  (HMMR) 
panel,  NASA  tech  report,  Washington,  D.C. ,  1987. 

Napier,  P.  J.,  A.  R.  Thompson  and  R.  D.  Ekers,  "The 
Very  Large  Array:  Design  and  Performance  of  a 
Modern  Synthesis  Radio  Telescope",  Proceedings  IEEE, 
Vol.  71  (11),  pp.  1295-1320,  1983. 

Ruf,  C.  S.,  C.  T.  Swift,  A.  B.  Tanner  and  D.  M.  Le  Vine, 
"Interferometric  Synthetic  Aperture  Microwave  Radio- 
metry  for  the  Remote  Sensing  of  the  Earth" ,  IEEE 
Trans.  Geosci  &  Remote  Sensing,  Vol.  26  (5),  pp.  597 - 
611,  1988. 

Schanda,  E. ,  "High  Ground  Resolution  in  Passive  Micro- 
wave  Earth  Observation  from  Space  by  Multiple  Wave¬ 
length  Aperture  Synthesis",  Congress,  Internet. 
Astronautical  Federation,  Anaheim,  CA,  October  1976. 

Swenson,  G.  W.  and  N.  C.  Mathur,  "The  Interferometer 
in  Radio  Astronomy",  Proceedings  IEEE,  Vol  56  (12), 
pp.  2114-2130,  1968. 

Thompson,  A.  R.  and  L.  R.  D'Addario,  "Frequency  Res¬ 
ponse  of  a  Synthesis  Array:  Performance  Limita¬ 
tions  and  Design  Tolerances",  Radio  Science,  Vol.  17 
(2),  pp.  257-370,  1982. 

Thompson,  A.  R. ,  J.  M.  Moran  and  G.  W.  Swenson,  "Inter¬ 
ferometry  and  Synthesis  in  Radio  Astronomy" ■  J. 

Wiley  &  Sons,  New  York,  1988. 


Fig.  4a 


Figure  4:  LANDSAT  image  (left)  and  ESTAR  image  (right)  of  a  portion  of 
the  Delmarva  peninsula.  The  ESTAR  image  is  from  June,  1988. 
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Abstract 

The  beam  compressed  microwave 
radiometer  taking  into  account  the 
capability  of  installation  is  proposed 
for  an  improvement  of  spatial 
resolution.  In  principle,  it  is  possible 
to  improve  the  spatial  resolution  by 
some  integer  values.  For  instance,  by 
adding  one  reference  antenna  to  the  main 
antenna,  the  equivalent  -3dB  beam  width 
is  reduced  by  2. 

Keywords 

Microwave  Radiometer,  Beam  compression 
techniques,  Narrow  beam,  Capability  of 
installation 

1 .  Introduction 

For  many  years,  the  microwave 
radiometers  onboard  spacecrafts  such  as 
SMMR,  NEMS,  SAMIR,  SCAMS,  ESMR,  MSR  of 
MOS-1,  etc  have  provided  usefull  data 
for  the  investigation  on  salinity  of  the 
ocean,  soil  moisture,  ocean  wind,  water 
vapor  in  the  atmosphere,  cloud  liquid 
content,  and  so  on  (Ref.l  -  8).  On  the 
other  hand,  Users'  requirements  have 
been  gotten  high  in  terms  of  the  spatial 
resolution  and  lower  frequency  channels 
for  the  estimation  of  soil  moisture  and 
salinity  of  the  ocean.  In  order  for  it, 
ESTR  of  HMMR  has  been  proposed  (Ref. 9). 
Since  spatial  resolution,  or  -3  dB  beam 
width  of  microwave  radiometer  depends  on 
the  diameter  of  the  antenna,  and  wave 
length,  high  fesolution  and  low 
frequency  microwave  radiometer  requires 
a  large  antenna  reflecter.  For  example, 
ESTR  composed  with  the  17  m  x  17  m 
antenna . 

the  bcuiTi  compression 
techniques  are  getting  more  popular  for 
high  resolution  of  radar  system  such  as 
Mills  Cross  Type  Antenna,  Multiplicative 
or  Product  Type  Antenna,  Frequency 
Multiplier  Type  Antenna,  Self  Focusing 
Type  Antenna,  Temporal  and  Spatial 
Modulating  Type  Antenna,  etc  (Ref.  10, 
11  ) .  By  applying  the  techniques  to  the 
passive  microwave  radiometer,  the  beam 


compressed  radiometer  is  proposed  taking 
into  account  capability  of  installation. 

At  first,  principle  of  the  beam 
compression  technique  will  be  described 
followed  by  the  results  from  a 
configulation  trade  off  study. 

2.  Priciple  of  the  beam  compression 
techniques 

Figure  1  shows  a  principle  of  the 
beam  compression  techniques,  in 
particular  Multiplicative  type  of 
Antenna  system.  In  this  figure,  antennas 
A  and  B  are  Reference  and  Main  antennas, 
respectively.  Distance  between  centers 
of  both  antennas,  D  should  be  equal  to 
the  dimension  of  the  main  antenna. 

Emitted  microwave  energy  is 
acquired  by  both  main  and  reference 
antennas  simultaneously.  In  this  case, 
the  equivalent  -  3  dB  beam  width  at  the 
output  of  the  multiplication  becomes 
about  half  of  the  -  3  dB  beam  width  of 
main  antenna  Wm  as  is  indicated  in 
Figure  2.  Therefore  the  dimension  of  the 
main  antenna  is  also  about  half  of  the 
required  antenna  dimension  without 
consideration  of  the  beam  compression 
techniques.  In  general,  the  beam  width 
of  the  reference  antenna  does  not  matter 
for  the  beam  compression  factor. 

As  is  hown  in  Figure  2,  the  beam 
compression  techniques  allow  us  to 
realize  not  only  high  resolution 
microwave  radiometer  but  also  supression 
of  the  side-lobe  level  results  in  an 
improvement  of  S/N  ratio. 

3.  Installation 

In  order  to  realize  a  high 
resolution  microwave  radiometer, 
generally,  Casegren  type  of  ant.ennn 
system  is  used.  By  applying  the  beam 
compression  techniques,  the  reference 
antenna  (  horn  type  and  broad  beam  of 
antenna)  will  be  installed  beside  the 
reflecter  of  the  main  antenna.  For 
instance,  Figure  3  shows  a  configulation 
of  the  beam  compressed  microwave 
radiometer  with  mechanical  scanning.  On 
the  other  hand,  Figure  4  also  shows  that 
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of  electric  scanning  type  of  microwave 
radiometer.  In  both  cases,  however, 
delay  time  and  S/N  degradation  due  to 
the  distance  between  main  and  reference 
antennas  should  be  considered.  To  avoid 
such  a  situation,  the  following 
configulation  was  proposed.  Figure  5 
shows  a  configulation  of  the  beam 
compressed  microwave  radiometer  taking 
into  account  a  capability  of 
installation,  with  electric  scanning.  In 
this  case,  the  delay  line  corresponding 
to  the  distance  d  indicating  in  the 
figure,  should  be  inserted  between  the 
reference  antenna  and  multiplication 
electronics  as  is  shown  in  Figure  6,  to 
adjust  the  phases  between  main  and 

reference  antennas. 

Although  the  aforementioned  example 
shows  the  possibility  on  the  beam 

compression  with  compression  factor  of 

2,  by  adding  another  antenna  systems, 
arbitrely  compression  factors  are 

realized. 

4 .  Concluding  Remarks 

In  order  to  realize  high  resolution 
and  low  frequency  microwave  radiometer, 
a  large  antenna  system  will  be  required. 
A  large  antenna  would  generate  a  large 
moment  torque  results  in  an  influence  to 
spacecraft,  attitude  and  orbit  changes. 
Even  if  electric  scanning  type  of 
antenna  is  adopted,  a  large  reflecter 
will  be  required.  To  overcome  this 
stuation,  the  beam  compressed  high 
resolution  microwave  radiometer  taking 
into  account  capability  of  installation 
was  proposed.  Further  investigation  is 
required  for  realization  of  this 
radiometer.  The  results  will  be  reported 
in  another  opportunity. 
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Figure  3  A  configulation  of  beam 

compressed  microwave  radio¬ 
meter  with  mechanical  scan 
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(a)  Antenna  pattern  of  main  antenna 


(b)  Antenna  pattern  of  reference  antenna 


antennas 

Figure  2  Beam  compression  technique 


reference  horn  antenna 


Figure  4  A  conf igulation  of  beam  compressed 
electric  scanning  type  of  microwave 
radiometer 


Figure  5  A  configulation  of  beam  compressed  electric 
scanning  type  of  microwave  radiometer  with 
consideration  on  capability  of  installation 
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ABSTRACT 

A  modified  version  of  the  Scanning  Multi-channel  Microwave  Radiometer  (SMMR)  will  be  used 
for  wet  tropospheric  path  delay  corrections  to  the  TOPEX/POSEIDON  radar  altimeter 
measurements.  A  number  of  the  sources  of  calibration  problems  encountered  by  SMMR  on  board 
the  SeaSat  and  Nimbus-7  platforms  have  been  identified,  and  appropriate  corrections  have 
been  attempted.  Calibration  hardware  corrections  include  a  more  representative  modeling  of 
the  microwave  losses  and  reflections  and  a  reduction  in  the  thermal  gradients  expected 
across  this  hardware,  through  the  use  of  radomes  and  sun  shades  and  by  the  choice  of 
pertinent  orbit  parameters.  Antenna  calibration  corrections  include  a  post  launch  fine 
tuning  of  the  antenna  pattern  correction  algorithm  to  accommodate  small  errors  in  the  pre¬ 
launch  antenna  pattern  measurements.  This  is  accomplished  by  overpasses  of  ground  based, 
upward  looking  water  vapor  radiometers.  An  absolute  calibration  accuracy  of  <  1.0  K  is 

anticipated. 

KEY  WORDS:  SMMR,  TOPEX/POSEIDON,  Microwave  radiometer,  Absolute  calibration 


BACKGROUND 

The  SMMR  has  flown  successfully  on  the  SeaSat  and 
Nimbus  7  satellite  instrument  platforms.  The 
radiometer  consisted  of  channels  at  6.6,  10.7, 
18.0,  21.0  and  37.0  GHz  with  either  vertical  or 
horizontal  polarization  at  each  frequency.  SMMR 
produced  images  of  the  radiometric  brightness 
temperature  distribution  over  the  earth  with  a 
mechanically  scanning  antenna.  The  Instrument 
provided  a  wide  variety  of  geoscience  information 
about  the  atmosphere,  sea  surface,  and  sea  ice 
(Njoku,  et  al,  1980a). 

The  upcoming  TOPEX/POSEIDON  ocean  topography 
experiment  will  determine  the  sea  surface  height 
along  the  ground  track  of  the  satellite  by 
precision  radar  altimetry.  Corrections  for  the 
path  delay  of  the  radar  signal  due  to  atmospheric 
water  vapor  play  a  dominant  role  in  the  overall 
error  budget  of  the  altimeter.  Atmospheric  water 
vapor  is  monitored  by  the  TOPEX  Microwave 
Radiometer  (TMR) ,  a  coincident  downward  looking 
radiometer  with  channels  at  18.0,  21.0,  and  37.0 
CM?  .  Tho  tmb  is  presently  being  designed  and 
assembled  at  the  Jet  Propulsion  Laboratory.  It  is 
based  in  large  part  on  the  SMMR  instrument  and  much 
of  the  hardware  is  inherited  from  that  system. 


SMMR  SYSTEM  CALIBRATION  HERITAGE 

SMMR  system  calibration  for  both  SeaSat  and  Nimbus 
followed  a  two  step  procedure.  The  antenna 


temperature  referenced  to  the  input  of  the  antenna 
was  derived  from  the  measurements  by  inverting  a 
model  for  the  radiative  transfer  of  the  signal 
through  the  front-end  hardware  (Swanson  and  Riley, 
1980) .  This  step  was  especially  critical  given  the 
SMMR  design  because  the  on-board  system  calibration 
reference  brightness  temperatures  (an  ambient  load 
and  a  cold  sky  horn)  were  viewed  by  the  radiometer 
through  diffeYent  front-end  hardware.  The  second 
step  involved  a  partial  deconvolution  of  the  SMMR 
antenna  pattern  to  estimate  the  brightness 
temperature  of  the  earth  near  the  antenna  boresight 
from  the  integrated  antenna  temperature  over  the 
complete  pattern  (Njoku,  et  al,  1980b).  This 
process,  too,  was  critical  because  of  the 
relatively  low  antenna  beam  efficiency. 


SMMR  SYSTEM  CALIBRATION  PERFORMANCE 

The  SMMR  data  products  have  a  long,  well-documented 
history  of  significant  calibration  problems 
(SeaSat-JASIX,  1980),  (Milman  and  Wilheit,  1985). 
The  antenna  temperature  calibration  suffered  from 
temperature  gradients  along  the  front-end  hardware 
due  to  limitations  in  the  radiative  transfer  model. 
The  accuracy  of  the  brightness  temperature 
calibration  was  limited  by  the  low  beam  efficiency. 
The  cold  sky  horn  measurements  were  also 
contaminated  by  the  sun.  The  antenna  pattern 
correction  algorithm  required  pre-flight  antenna 
range  pattern  measurements  with  unrealistically 
high  accuracy.  These  patterns  were  needed  to 
determine  antenna  beam  efficiencies  over  different 
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earth  and  cold  sky  viewing  solid  angles  in  order 
to  estimate  that  portion  of  the  measured  antenna 
temperature  which  was  due  to  the  brightness 
temperature  of  the  earth  lying  in  the  antenna  main 
beam. 


TMR  SYSTEM  CALIBRATION  REFINEMENTS 

A  number  o£  improvements  are  being  incorporated 
into  the  TMR  design  to  facilitate  the  system 
calibration.  The  multi-frequency  feed  horn  (MFFH) 
in  the  offset  parabolic  reflector  antenna  is  being 
modified  to  reduce  the  edge  illumination  on  the 
reflector  and  to  improve  the  impedance  match  of  the 
feed  over  the  three  TMR  frequencies.  The  change  in 
aperture  illumination  should  increase  the  antenna 
beam  efficiency,  and  the  reduction  in  mismatch 
reflections  should  improve  the  radiative  transfer 
model  and  reduce  the  sensitivity  to  temperature 
gradients.  Preflight  thermal/vacuum  tests  will  be 
modified  from  those  used  for  SMMR  to  verify  the 
radiative  transfer  model.  A  short  section  of  low 
thermal  conductivity  waveguide  will  be  added  to  the 
cold  sky  calibration  arm  to  inhibit  the  propagation 
of  thermal  gradients.  The  pointing  of  the  cold  sky 
horn  is  being  selected  to  minimize  the  effects  of 
sun  contamination.  Finally,  a  post-launch 
verification  program  will  be  incorporated  as  part 
of  the  calibration  program  to  fine  tune  the  antenna 
deconvolution  brightness  temperature  calibration. 


TMR  SYSTEM  CALIBRATION  RESULTS 

A  TOPEX/POSEIDON  project  requirement  for  the  TMR  is 
the  correction  for  water  vapor  induced  path  delay 
with  better  than  1.2  cm  accuracy.  This  corresponds 
to  a  one-sigma  brightness  temperature  calibration 
accuracy  of  1.0  K.  Estimates  of  the  effects  of  the 
modifications  discussed  above  on  the  accuracy  and 
precision  of  the  TMR  system  calibration  indicate 
that  these  modifications  are  a  necessary  and 
sufficient  condition  for  meeting  the  project 
requirement. 

The  MFFH  modification  is  expected  to  increase  the 
antenna  beam  efficiency  from  approximately  907.  to 
95 7..  This  corresponds  to  a  decrease,  from  1.3  K  to 
0.5  K,  in  the  RMS  error  in  the  antenna  temperature 
correction  for  the  antenna  sidelobes.  This  error 
is  primarily  due  to  uncertainties  in  the  far 
sidelobes  of  the  antenna  pattern,  which  are 
typically  50-60  dB  below  the  center  beam  and  are, 
therefore,  impossible  to  measure  with  sufficient 
accuracy.  Lower  far  sidelobes  will  reduce  the 
effects  of  errors  in  the  pattern  measurements. 

An  improved  model  for  the  radiative  transfer  of  the 
incoming  brightness  temperature  signal  through  the 
initial  MFFH,  waveguides,  and  ferrite  switches  in 
the  TMR  has  been  developed.  The  original  SMMR 
model  did  not  include  the  effects  of  impedance 
mismatches  in  the  hardware,  which  were  particularly 
sign! f Iranr  ar  rhe  wavevulde-to-MFFH  interface  due 
to  the  wide  bandwidth  requirement  on  the  antenna. 
This  omission  did  not  show  up  in  the  pre-flight 
temperature  cycling  tests  which  were  run  because  no 
significant  temperature  gradients  were  introduced 
along  the  path  of  the  signal  flow.  The  different 
sources  of  hardware  self-emission  which  showed  up 
in  the  test  data  could,  therefore,  non  be 
distinguished  from  one  another.  The  redesign  of 
the  MFFH  has  improved  its  impedance  match.  In 


addition,  more  extensive,  gradient  Inducing, 
temperature  cycling  is  planned  for  the  TMR. 
Temperature  cycling  models  suggest  that  the 
improved  radiative  transfer  model  should  be  able  to 
reduce  the  effects  of  a  worst  case  10  K  hardware 
gradient  on  the  accuracy  of  the  antenna  temperature 
calibration  from  1-2  K  error,  in  the  case  of  the 
SMMR,  to  a  0.6  K  error,  in  the  case  of  the  TMR. 

Total  system  verification  and  calibration  will  be 
achieved  after  launch  by  intercomparisons  of  the 
TMR  data  with  a  set  of  ground  stations.  The 
ephemeris  measured  at  these  ground  stations  during 
TOPEX/POSEIDON  overpasses  will  include  surface 
temperature,  pressure,  humidity,  and  windspeed,  as 
well  as  upward  looking  brightness  temperature  at 
20.7  and  31.4  GHz,  by  a  water  vapor  radiometer 
(WVR) .  The  WVR  frequencies  are  chosen  to  derive 
Integrated  water  vapor  content  in  the  air  column. 
This  represents  a  "ground  truth"  test  of  the  TMR 
estimate  for  wet  troposphere  induced  path  delay. 
In  addition,  the  WVR  data,  together  with  the  other 
surface  ephemeris,  can  be  used  to  estimate  the 
expected  differences  between  the  brightness 
temperatures  of  the  various  TMR  channels.  The 
differences,  rather  than  the  brightness 
temperatures  themselves,  are  used  to  reduce  the 
effects  of  modeling  errors  regarding  the  surface 
emissivity.  Discrepancies  between  the  estimated 
differences  and  the  TMR  measured  differences  will 
be  attributed  to  calibration  errors  and  corrected 
accordingly.  Models  of  this  technique  indicate  a 
relative  calibration  accuracy  between  TMR  channels 
of  less  than  1.0  K  after  correction. 
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Abstract 

The  Advanced  Microwave  Scanning 
Radiometer  (AMSR)  is  a  new  type  of 
spacebornc  microwave  radiometer  which 
employs  electrical  beam  scanning.  The  AMSR 
measures  microwave  radiation  from  the 
earth's  surface  and  atmosphere  at 
frequencies  of  6.6,  10.65,  18.7,  23.8  and 

36.5  GHz  with  the  improved  radiometric 
sensitivity,  spatial  resolution  and 
swa  t  hwi  d  t  h. 

A  specific  feature  of  the  AMSR  is  the 
new  concept  of  receiv e-beam  scanning  of 
which  principle  is  a  beam  switching 
technique.  The  antenna  to  realize  the 
concept  consists  of  feed  horn  arrays 
combined  with  switching  circuits  and  a 
reflector.  The  number  of  the  rece i ve-beams 
is  same  as  that  of  beam  footprints  on  the 
earth's  surface,  and  the  beams  are  scanned 
by  switching  the  feed  horns.  This  beam 
scanning  concept  has  great  merits  for 
microwave  radiometer  with  high  spatial 
resolution;  first  of  all,  little  disturbance 
to  the  platform  attitude  for  it  has  no 
mechanical  antenna  movements.  Then,  multi¬ 
frequency  measurement,  and  conical  scanning 
for  preserving  polarization  purity  are 
available.  Furthermore,  it  makes  possible 
multi-beam  scanning  by  using  two  or  more 
receivers  per  channel  to  achieve  high 
radiometric  sensitivity.  Finally,  a  push- 
broom  concept  will  be  applicable  in  the 
future  to  achieve  more  improved  performance. 

The  AMSR  is  one  of  the  candidate 
instruments  to  equip  the  first  NASA's  polar 
platform  (NPOP-1)  scheduled  in  1996. 
Currently,  the  overall  analysis  and 
definition  of  l  I,  C  I  ns  t  1  uuien  i  are  being 
carried  out  as  a  phase  A  study. 

Accommodation  studies  to  the  platform  are 
also  being  performed.  As  the  results  of 
conceptual  design  has  already  been  discussed 
in  [1],  a  preliminary  consideration  on 
calibration  plan  is  described  in  this  paper. 


1 ba  r  ak i  305  J  apan 
Fax.  0298-52-2299 
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1.  Introduction 

An  absolute  accuracy  of  observed 
brightness  temperature  is  one  of  the  most 
important  performances  of  a  microwave 
radiometer  as  a  remote  sensing  instrument. 

The  AMSR  is  the  first  challenge  to 
employ  electrical  scanning  using  switching 
array  technique.  This  is  to  achieve  users' 
basic  requirements,  such  as  high  spatial  and 
temperature  resolution,  constant  incidence 
angle  over  the  swath,  and  high  beam 
efficiency,  without  disturbing  the  platform 
attitude  by  rotating  large  antenna.  The 
design  is  simple  from  mechanical  point  of 
view,  i.e.  no  moving  components,,  but 
complicated  from  electrical  point  of  view. 

The  purpose  of  this  paper  is  to 
describe  the  approach  to  calibrate  the  AMSR 
which  employs  new  antenna  concept.  As  the 
development  phase  is  too  early  to  define  the 
detailed  methods  and  analysis,  only 
fundamental  consideration  regarding  the 
calibration  approach  is  discussed. 

As  for  the  definition,  the  following 
well-known  definition  is  applied  in  the  case 
of  AMSR: 

'A  radiometer  is  said  to  be  calibrated  when 
an  accurate  relationship  has  been 
established  between  the  receiver  output 
voltage  and  the  antenna  integrated  absolute 
brightness  temperature.''  [2]  An  antenna 
pattern  correction  (APC)  is  outside  the 
scope  of  this  report. 


2.  AMSR  calibration  plan 

A  radiometer  calibration  process 
involves  two  steps:  (i/cailblatlon  of  the 
receiver,  and  (2) ca 1 i br a t i on  of  antenna  and 
connecting  network  (e.  g.  wa  vegu  i  de) .  The 
former  step  is  generally  performed  by  using 
hot  and  cold  stable  reference  sources.  In 
the  latter  step,  compensation  is  made  for 
the  attenuation  and  mismatch  losses  suffered 
in  the  antenna  and  connecting  networks  a3 
well  as  thermal  noise  emitted  by  those 
structures.  The  data  of  components' 
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characteristics  and  the  system  tests  using 
special  techniques  are  used  for  the 
compensa  t  i  on.  [  2  ] 

The  AMSR  is  one  of  the  Dicke  type 
microwave  radiometers  which  calibrate 
observed  data  by  frequently  comparing  with 
high  and  low  reference  sources.  Therefore 
the  receiver  calibration,  the  first  step 
described  above,  is  to  be  performed 
successfully  in  principle.  The  second  step 
should  be  examined  carefully  because  of  the 
new  antenna  concept. 

The  conceptual  flowchart  of  the  AMSR 
calibration  strategy  is  shown  in  Figure  1, 
which  includes  both  steps.  The  major 
elements  to  affect  the  input  nuise  signal 
are  RF  characteristics  of  tne  hardware  such 
as  loss,  m  i  sma  t  ch  ( i .  e.  VSWR) ,  etc.  and  the 
temperature  of  the  hardware.  Therefore,  in 
the  first  place,  a  temperature  transfer 
analysis  model  is  to  be  made  taking  account 
of  these  characteristics  and  the  primary 
temperature  transfer  equation  is  to  be 
defined.  Then  the  primary  temperature 
transfer  equation  is  to  be  corrected, 
applying  the  results  of  system  tests 
(temperature  calibration  tests).  Finally, 
the  final  temperature  transfer  equation 
shall  be  defined  after  the  last  correction 
using  flight  data. 

2.1  Terperature  transfer  equation. 

The  connecting  network  from  AMSR 


antenna  to  the  input  port  of  the  Dicke 
switch  consists  of  several  components  such 
as  waveguide,  switches,  Orthogonal  Mode 
Transducer (OMT) ,  etc.  The  sky  horns  and  the 
reference  loads  are  connected  to  the  Dicke 
switch  through  those  components  as  well.  A 
temperature  transfer  analysis  model  is  to  be 
made  considering  the  following  elements 


Fig.  1 

Conceptual  flowchart  of  AMSR  calibration. 

which  suffer  the  received  signal: 

(1) lots  of  each  component, 

(2) VSWR  of  each  component, 

(3)  Isolation  of  each  component, 


(4)  temperature  of  each  component. 

When  the  calibration  is  done,  components' 
data  is  to  be  used  for  (l)-(3)  and  telemetry 
data  is  to  be  used  for  (4).  These  figures 
are  considered  to  be  known  with  uncertainty 
of  measurement. 


rurve  ciuiptu 


Fig.  2  A  concept  of  temperature  transfer  analysis  model. 


275 


Figure  2  is  a  concept  of  the 
temperature  transfer  analysis  model. 

Temperature  transfer  equations,  which 
transfer  the  noise  temperature  at  the 
antenna  into  the  noise  temperature  at  the 
input  port  of  Dicke  switch,  are  then  to  be 
defined  based  on  the  analysis  model.  The 
equations  to  transfer  the  noise  temperature 
at  the  sky  horn  into  the  noise  temperature 
at  the  input  port  of  Dicke  switch  and  to 
transfer  the  noise  temperature  at  the  hot 
reference  load  into  the  noise  temperature  at 
the  input  port  of  Dicke  switch  arc  also  to 
be  de  f  i  ned. 

The  antenna  noise  temperature  at  the 
input  port  of  Dicke  switch,  Tant',  is 
expressed  as  below: 

Tan  t  '  - 

Tsh ' + (Trl ' -Tsh ' )  (Cant-Csh) / (Crl-Csh) 

Eq.  1 

where  Tan t ' : an t enna  noise  temperature 
at  the  input  port  of  Dicke  switch,  Tsh'tsky 
horn  noise  temperature  at  the  input  port  of 
Dicke  switch,  Trl  Preference  load  noise 
temperature  at  the  input  port  of  Dicke 
switch,  Cant:digital  count  of  antenna  noise 
temperature,  Cshtdigital  count  of  sky  horn 
noise  temperature,  Crl:digital  count  of 
reference  load  noise  temperature. 

Tant'  is  also  expressed  as  below: 

Tant  '  - 

f  (Tant,  L11.T1  1,  L21,  T2  i . Tral,  Lml,  .  .  .  ) 

Eq.  2 

where  Tant  is  the  antenna  noise  temperature 
to  be  derived,  and  Lxx  and  Txx  arc  loss  and 
temperature  of  each  component  of  the 
connecting  network,  as  shown  in  Figure  2. 

The  sky  horn  noise  temperature  at  the 
input  port  of  Dicke  switch,  Tsh',  is 
expressed  as  below: 

Tsh'-  g(Tsh,  Lshl.Tshl,  Lsw,  Tsw,  .  .  .  .  ) 

Eq.  3 

The  reference  load  noise  temperature  at 
the  input  port  of  Dicke  switch,  Trl',  is 
expressed  as  below: 

Trl'-  h  (Tr  I,  Lr  I  1,  Tr  I  1,  Lsw,  Tsw . ) 

Eq.  4 

The  primary  temperature  transfer 
equation  is  derived  from  the  Equations  1,  2, 
3,  and  4. 


Tan  t  - 

F  (Tsh,  Trl,  Cant,  Cs  h,  Cr  I ,  H  1 ,  T1 1 . ) 

Eq.  5 

As  figures  of  the  right  side  in 
Equation  5  are  known,  the  antenna  input 
noise  temperature  which  is  needed  as 
calib'ated  observation  data  can  be 
ca  I  cu  I  a  ted. 

2.2  System  tests. 

The  primary  temperature  transfer 
equation  is  not  supposed  to  be  accurate 
enough  because  of  errors  in  data  base. 
Several  pre-launch  tests  at  system  level  are 
planned  to  get  more  accurate  data  base  to 
correct  the  primary  temperature  transfer 
equa  t  i  on. 

(1 )  "Hard  line"  Test 

The  conceptual  diagram  of  the  "Hard 
line"  Test  is  shown  in  Figure  3(a).  This  is 
a  test  to  acquire  the  calibration  data  of 
whole  system  but  the  feed  horns  and  the 
ref  1  ector. 

(2)  "Target"  Test 

The  conceptual  diagram  of  the  "Target" 
Test  is  shown  in  Figure  3(b).  This  is  a  test 
to  acquire  the  calibration  data  of  whole 
system  but  the  reflector. 

(3)  Field  Test 

The  conceptual  diagram  of  the  Field 
Test  is  shown  in  Figure  3(c).  This  test  has 
a  merit  to  acquire  the  calibration  data  of 
whole  system. 

After  the  launch,  the  temperature 
transfer  equation  is  to  be  corrected  using 
the  telemetry  data  such  as  instrument 
temperature  and  the  ground  truth  data. 

2.3  Error  sources  left  uncalibrated. 

Potential  error  sources  of  the  AMSR  are 
shown  in  Figure  4.  Where  each  source  is 
categorized  in  the  following  three, 
considering  the  discussion  in  the  previous 
sect  ion; 

•1)  can  be  calibrated  by  analysis  based 
on  design  and  components'  data, 

»2)  can  be  calibrated  by  system  tests, 

•3)  may  have  residue  of  errors  after 
above  two  calibration. 

Therefore  it  is  concluded  that  the  absolute 
accuracy  consists  of  the  errors  categorized 
"•3".  In  addition,  the  errors  correspond  to 
the  accuracy  of  tests  and  analyses  methods 
are  unavoidable. 


Fig.  3  Conceptual  diagram  of  system  tests. 

(a)'Hard  line",  (b)'Target',  (c)Field  test 
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The  residue  of  errors,  i.  e.  contents  of 
absolute  accuracy,  are  are  divided  to  the 
following  two  elements: 

(1)  'Bias'  error  (independent  on  time, 
therefore  on  temperature) 

(2)  'Random'  error  (dependent  on  time, 
therefore  on  temperature) 

Random  errors  can  be  reduced  by  accurate 
measurement  of  components  characteristics 
and  temperature  monitoring,  while  bias 
errors  by  accurate  system  tests. 

3.  Conclusion 

The  fundamental  consideration  regarding 
the  calibration  approach  for  the  AMSR  has 
been  discussed. 

In  practice,  it  is  understood  that  a 
precise  thermal  control  of  the  Instrument  in 
orbit  is  the  key  to  a  reasonably  complex 
cal  i  br  a  1 1  on  scheme. 

The  preliminary  thermal  analysis 
assuming  passive  thermal  control  shows  that 
the  feed  array  and  switches  are  expected  to 
be  kept  within  a  range  of  about  12  degrees 
peak  to  peak.  Random  errors  caused  by  the 
feed  array  and  switches  in  the  output  noise 
temperature  are  estimated  to  be  about  0.28 
K,  assuming  s t a t e-o f - t he -a r t s  measurement. 
This  factor  is  the  only  one  which  is 
included  in  AMSR  but  not  in  other  Dlcke  type 
rad  1  ome  t  er  s. 

As  for  the  bias  errors,  0.  4  to  0.  7  K 
has  experienced  in  the  'Target'  test  of 
Microwave  Scanning  Radiometer  (MSR)  which 
equipped  the  the  Marine  Observation 
Satellite  (MOS-1).  [3]  Therefore  similar  or 


better  accuracy  is  expected  for  AMSR. 

By  implementation  of  high  beam 
efficiency  antenna,  precision  thermal 
control  and  temperature  monitor,  and  efforts 
in  tests  and  analyses,  the  calibration  of 
the  AMSR  is  expected  to  be  reasonably  good. 
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Abstract 

Presented  here  is  a  new  type  of  millimeter  wave  passive 
remote  sensor,  namely  a  36-38  GHz  electronically 
(frequency)  scanned  computer-automated  imaging 
radiometer  system.  This  system  was  designed, 
developed  and  tested  as  a  joint  COM  DEV/1STS  research 
and  development  "proof  of-concept”  project  to  address  a 
potential  Canadian  requirement  for  shipborne  sea  ice 
detection  and  type  discrimination.  Radiometric  signals, 
received  from  a  given  scene  and  processed  under 
continuous  calibration,  are  imaged  in  terms  of 
radiometric  brightness  temperatures  on  a  computer 
equipped  with  a  high  resolution  colour  monitor. 
Electronic  tuning  of  the  azimuth  scan  angle  is  readily 
achieved  through  employment  of  a  double 
downconversion  receiver  design.  A  mechanical 
elevation  scan  capability  is  also  built  in  as  a  prototype 
auxiliary  capability  to  enable  a  complete  sectoral  image 
to  be  generated.  Initial  system  radiometric  resolution 
factors  of  the  order  of  3  K  (typical)  have  been  measured. 

Keywords:  mm  wave  radiometer,  electronic  frequency 
scanning,  sea-ice  detection 

1.  Introduction 

A  36  38  GHz  electronically-scanned  computer- 
automated  imaging  radiometer  system  has  been 
designed,  developed  and  tested  as  a  joint 
COM  DEV/ISTS  research  and  development  "proof-of- 
concept”  project  Primarily  the  impetus  behind  the 
project  was  the  need  for  an  instrument  for  shipborne 
ice  navigation  in  the  near  range  region  (within  approx. 
1  km).  Currently  operated  radar  systems  appear  to 
have  problems  with  ice  detection,  classification  and  edge 
definition  in  this  region.  Secondly,  the  system’s  ability 
to  perform  azimuth  scan  without  the  use  of  moving  parts 
appeared  advantageous  in  the  cold-weather  conditions 
previewed.  If  used  in  conjunction  with  radar  the  system 
could  ideally  provide  the  real  time  on-board  ice 
detection  required  by  a  vessel  in  arctic  regions.  The 
purpose  of  this  paper  is  to  fully  outline  this  system's 
configuration  and  operation,  beginning  with  a 
convenient  subdivision  of  tne  system  and  subsequent 
individual  sub-unit  analysis  and  ending  with 
preliminary  system  operational  results  together  with  a 
set  of  derived  conclusions. 
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4700  Keele  St.,  North  York,  ON 
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2.  System  Configuration  Overview 

The  system,  shown  in  Photo  1,  has  its  configuration 
highlighted  in  Figure  1.  It  consists  of  two  basic  units  -  a 
radiometer  subsystem  and  computer  hardware/software 
-  remotely  linked  by  up  to  200  feet  of  cable.  The 
radiometer  subsystem  which  resides  in  a  radome 
shielded  enclosure  (42”  x  15”  x  23”)  may  be  divided  into 
a  number  of  sub-units  listed  as  follows: 

(a)  Antenna 

(b)  RF  hardware  unit 

(c)  Video  electronics  unit 

(d)  Elevation  motorized  scan 

(e)  Data  control  and  acquisition  unit 

The  computer  hardware/software  controls  system 
operation  through  a  menu-driven  user-friendly 
program,  retrieves  and  interprets  data  returns  and 
displays  images  on  a  high  resolution  colour  monitor. 

Each  of  the  critical  sub-units  noted  above  will  now  be 
outlined  in  more  detail. 

2. a.  Antenna 

A  serpentine  antenna  is  used  which,  although  following 
well  known  leaky-wave  design  theory  [1],  has  rarely 
been  applied  to  radiometry.  The  construction  consists 
of  slotted  waveguide  that  is  fed  at  one  end  and 
terminated  in  a  matched  load  at  the  other.  The 
interference  pattern  created  between  the 
electromagnetic  radiation  from  each  slot  generates  a 
central  maximum  or  main  beam  in  a  perpendicular 
direction  at  centre  frequency.  Since  the  phase  velocity 
within  the  slotted  waveguide  varies  with  frequency,  the 
beam  is  effectively  shitted  toward  the  feed-point  with 
decreasing  frequency  and  away  from  the  feed-point  with 
increasing  frequency.  This  feature  provides  a  relatively 
simple  means  of  performing  electronic  scanning  without 
the  need  of  multiple  detectors,  phase  shifters  and 
correlators.  By  selecting  a  specific  receive  frequency  a 
corresponding  beam  direction  follows.  For  our  particular 
antenna  a  frequency  scan  from  38.02  GHz  to  36.20  GHz 
corresponds  to  an  azimuth  beam  scan  from  -33.5  degrees 
to  +41  degrees  with  respect  to  the  normal.  An  added 
advantage  of  the  serpentine  antenna  is  an  almost 
constant  beam-width  throughout  the  scan.  Although 
gain  does  drop  off  slightly  with  lower  frequency  due  to 
the  wavelength  versus  slot  size  relationship,  the  change 
is  much  smaller  than  for  a  dish. 
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The  serpentine  antenna  has  many  positive  attributes 
but  there  is  one  potential  disadvantage  when  applied  to 
radiometry.  Since  radiometric  receivers  are 
characteristically  wide  band  to  optimize  noise 
sensitivity,  there  is  an  inherent  trade  off  imposed  by 
the  serpentine  design.  A  restriction  on  beamwidth 
corresponds  to  a  restriction  on  RF  bandwidth.  For  this 
particular  system  an  antenna  beamwidth  of  2.5  degrees 
restricts  the  effective  receiver  bandwidth  to  70  MHz. 

2.b.  RF  space  hardware  unit 

A  general  block  diagram  of  the  RF  hardware 
subsystem,  which  is  a  total  power  radiometer  [2]  with 
continuos  calibration,  is  shown  in  Figure  2.  A  finline 
pin  diode  SPDT  Dicke  switch  enables  the  system  to 
switch  between  the  RF  arm  and  a  noise  arm.  Thr,  noise 
arm  contains  a  calibrated  noise  source  which  may  be 
switched  on  and  off  to  provide  two  points  of  calibration 
for  any  given  RF  reading.  A  finline  bandpass  Filter  is 
then  used  to  limit  operation  to  the  signal  frequency 
band  of  interest  (36-38  GHz)  providing,  in  particular, 
greater  than  35  dB  isolation  from  the  image  band  (30- 
32  GHz).  A  suspended  substrate  crossbar  mixer  fed  by  a 
DRO  (Dielectric  Resonator  Oscillator)/multiplier  L.O. 
subsystem  provides  the  1st  downconversion  stage  to  the 
2-4  GHz  range.  Followed  by  an  IF  LNA  (noise 
figure  <1.3  dB,  gain  >30  dB)  this  mixer  needed  a  state- 
ofthe-art  5  dB  noise  figure  to  maintain  critical  receiver 
noise  performance.  A  second  downconversion  stage 
contains  the  computer  controlled  frequency  swept  YIG 
(Yttrium  Iron  Garnet)  oscillator  which  effectively 
selects  the  azimuth  scan  position  as  determined  by  the 
back  end  bandpass  filter  (1.566  ±  .035  GHz).  This 
filter,  which  follows  a  lowpass  filter  and  a  number  of 
gain  stages,  is  of  narrow  bandwidth  (70  MHz) 
corresponding  to  effective  antenna  beamwidth  as  stated 
previously.  Following  a  final  gain  stage  which 
optimizes  signal  power  levels,  a  square  law  detector 
provides  the  system  with  its  radiometric  d.c.  signal 
output.  Tested  separately  this  radiometer  unit  yielded 
noise  temperatures  of  the  order  of  1200  K  (typical) 
which,  given  the  RF  bandwidth  and  an  integration  time 
of  50  ms,  corresponds  to  an  effective  noise  temperature 
resolution  of  approximately  0.6  K. 

2.c.  Video  electronics  unit 

The  video  electronics  unit  performs  three  distinct 
functions,  all  of  which  are  summarized  in  the  layout  of 
Figure  3.  Initially,  digitally  controlled  gain  stages 
enable  linearization  of  the  voltage  output  available 
across  the  band  for  a  given  azimuth  scan  .  Following 
this  a  differential  amplifier  and  offset  reference  is  used 
to  negate  the  major  d.c,  contribution  of  receiver  noise. 
The  offset  voltage  chosen  is  based  on  the  lowest  possible 
system  voltage  appearing  at  the  amplifier  which,  in 
turn,  is  based  on  the  lowest  possible  brightness 
temperature  encountered.  Finally,  an  operational 
amplifier  in  a  low  pass  filter  configuration  is  used  for 
data  integration  Tnis  stage  was  fixed  for  preliminary 
testing  to  yield  an  equivalent  integration  time  of  50  ms. 
Variable  integration  time  is  however  achievable 
through  multiple  sampling  of  any  fixed  base 
integiation  Value. 

2.d.  Elevation  motorized  scan 

As  an  extra  option  a  mechanical  elevation  angular  scan 
capability  was  built  into  the  system  to  enable  computer 
controlled  scanning  of  entire  sectoral  areas  in  front  of 
the  system  without  the  need  for  ship  movement.  This 
option  was  intended  for  use  for  research  purposes  only 
and  any  future  operational  instrument  would,  in 


principle,  not  contain  the  same.  A  digitally  controlled 
stepping  motor  allows  the  antenna  to  scan  vertically  up 
to  ±  20  degrees  about  a  fixed  downward  platform  view 
(nominally  69  degrees  with  respect  to  vertical)  with  a 
stepping  resolution  of  approximately  0.1  degree. 

2.e.  Control  and  data  acquisition  unit 

The  radiometer  is  controlled  by  several  registers  t'  j, 
are  addressed  across  a  shielded  multi-conductor  cable 
linking  the  sensor  to  the  a  computer.  These  lines  are 
buffered  by  line  drivers  and  receivers  adhering  to  the 
RS-422  protocol.  Without  these  RF  and  switching 
interference  can  cause  spurious  data  to  be  written  to 
control  registers  rendering  operation  unpredictable. 
Given  the  fact  that  the  electrical  environment  on  board 
a  ship  is  quite  harsh  proper  buffering  is  therefore 
imperative. 

There  are  eight  registers  within  the  radiometer  control 
and  data  acquisition  unit.  Two  registers  control  a 
resident  D/A  board  which  selects  the  receive  frequency 
through  a  voltage  controlled  YIG  oscillator .  Two  more 
registers  contain  a  digital  value  obtained  by  the  latest 
sample  of  an  accompanying  A/D  converter  which,  in 
turn,  is  connected  to  the  output  of  the  video  electronics 
board.  One  register  is  devoted  to  adjusting  the 
frequency  of  the  timing  signal  that  ensures  a  significant 
delay  occurs  between  A/D  samples  such  that  statistical 
independence  is  preserved  regardless  of  the  CPU  clock 
rate.  Another  register  is  devoted  to  basic  hardware 
control  including  the  dicke  switch  position,  the  on/off 
state  of  the  noi.se  source  and  the  variable  gain  of  the 
video  electronics.  Finally,  two  registers  are  devoted  to 
system  status,  one  for  output  and  the  other  for  input. 
Through  these,  the  A/D  can  be  reset  and  various 
operation  complete  flags  can  be  monitored. 

Most  of  the  logic  controlling  the  vertical  stepping  motor 
is  housed  in  the  computer.  Therefore,  the  radiometer 
requires  only  a  motor  clock  pulse  signal  and  a  rotation 
direction  signal  to  operate.  It  returns  an  end-stop  signal 
for  both  extreme  motion  limits.  These  signals  are  also 
RS-422  buffered  and  travel  through  the  shielded  cable. 

2.f.  Computer  hardware  and  software 

The  radiometer  operation  is  controlled  by  an  IBM  PC- 
AT  compatible.  The  choice  of  such  a  machine  includes 
several  advantages  like  lower  development  cost,  readily 
available  documentation,  portability,  and  multi¬ 
functional  capability  (data  analysis).  Six  I/O  addresses 
are  used.  Three  addresses,  namely  data  read,  data  write 
and  address  control,  access  the  registers  within  the 
radiometer.  Data  is  obtained  from  the  radiometer  via 
data  read.  Data  is  transferred  to  the  radiometer 
through  data  write.  Selection  of  a  specific  register  in  the 
radiometer  occurs  through  address  control.  The  three 
remaining  addresses  govern  stepping  motor  operation. 
Two  supply  a  count  corresponding  to  a  specific  stepping 
motor  position  and  the  third  initiates  either  motor 
movement  or  motor  reset.  Hard-wired  logic  compares 
the  position  count  supplied  with  the  actual  position  of 
the  motor,  When  the  motor  movement  pulse  arrives  the 
logic  provides  a  locally  generated  pulse  to  the  stepping 
motor  until  the  two  positions  match. 

The  software  is  menu  driven,  providing  the  user  with 
many  options.  One  may  choose  vertical  scanning  mode 
where  the  main  beam  is  controlled  by  the  stepping 
motor  only.  This  creates  brightness  temperature 
profiles  leading  away  from  the  sensor,  Alternatively, 
one  may  select  horizontal  scanning  mode  where  the 
main  beam  is  only  swept  electronically.  This  provides 
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profiles  along  a  line  perpendicular  to  the  forward 
looking  direction.  The  user  can  ultimately  select 
imaging  mode.  This  combines  both  the  vertical  and 
horizontal  scanning  modes  so  that  a  complete  scene  is 
mapped  in  two  dimensions.  The  radiometric  brightness 
temperature  maps  are  created  on  a  professional 
graphics  screen  in  real  time.  At  any  instant,  the 
operator  can  locate  the  footprint  by  observing  the 
graphic  outline.  The  radiometric  sensitivity  is  also 
adjustable  by  increasing  the  integration  time.  As  the 
integration  time  rises,  more  statistically  independent 
noise  voltage  samples  are  collected  and  averaged.  All 
data  collected  can  be  logged  and  replayed.  The  data  is 
stored  in  ASCII  format  to  permit  easy  import  to 
statistical  analysis  programs  such  as  Statgrapnics  or 
Lotus  1-2-3. 

3.  Preliminary  Results 


The  three  preliminary  test  result  experiences  outlined 
above  have  essentially  proved  the  concept  undertaken  in 
initial  system  prototype  development.  However  two 
major  limitations  exist  in  this  current  system.  The  first 
of  these  is  in  the  area  of  system  resolution.  Measured 
degradation  in  resolution  from  the  RF  hardware  unit 
figure  of  0.6  K  to  3  K  is  directly  attributable  to  the 
relatively  lossy  serpentine  antenna  which  has  an 
approximate  equivalent  loss  of  3  dB.  The  second,  an 
azimuth  scan  imaging  time  of  approximately  20  s  -  as 
dictated  by  the  integration  time  necessary  to 
compensate  for  the  narrow  system  bandwidth  -  is 
relatively  slow.  Both  of  these  problems  will  have  to  be 
resolved  in  order  for  any  "follow-on”  instrument  to 
satisfy  shipborne  operational  requirements  envisaged, 
which  are  the  order  of  1 K  resolution  and  5  s  scan  speed. 

4.  Conclusions 


The  system  was  initially  tested  in  an  indoor  laboratory 
environment  using  the  common  hotcold  load  technique. 
The  hot  load  used  was  a  piece  of  absorber  material  at 
room  temperature  (295  K),  whilst  the  cold  load  was  the 
same  material  immersed  in  liquid  nitrogen  (77  K). 
Noise  temperature  resolution  factors  of  the  order  of  3  K 
were  recorded. 

To  test  the  system's  imaging  capabilities,  following  a 
sky/load  calibration  the  radiometer  was  mounted  on  an 
antenna  tower  platform  and  connected  through  two 
hundred  feet  of  cable  tc  the  computer  hardware/software 
which  resided  in  an  antenna  hut  (see  Photo  2).  Initial 
testing  showed  the  system  to  be  capable  of  creating 
crude  images  especially  when  high  contrast  objects  were 
observed.  Such  an  example  is  illustrated  by  the  system 
scan  of  the  scene  shown  in  Photo  3  (two  cars  and  an 
aluminum  sheet  on  a  grass  background)  which  yielded 
the  image  shown  in  Photo  4.  The  three  target  objects 
were  seen  to  be  clearly  distinguishable  and  both  object 
size  and  range  values  appeared  to  correlate  well. 


The  approach  to  radiometer  system  design  taken  here  is 
unique  in  that  it  employs  a  serpentine  antenna  to 
achieve  electronic  scanning.  Tnis  design  has  the 
advantage  of  low  cost  and  relatively  simple  construction 
with  respect  to  other  electronic  scanning  systems,  and 
the  obvious  added  advantage  of  "no  moving  parts”  with 
respect  to  mechanically  scanned  systems. 
Unfortunately  it  displays  limitations  with  regard  to 
resolution  and  speed.  Resolving  these  limitations  will 
be  the  subject  of  future  research  before  such  an 
instrument  becomes  fully  operational. 
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Photo  1 :  Physical  system  layout. 
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Figure  2 :  RF  hardware  unit  block  diagram. 
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Figure  3 :  Video  electronics  unit  functional  layout. 


Photo  2 :  Radiometer  system  mounted  on 

10  m  high  antenna  tower  positioner  [left]. 

Antenna  building  containing  computer 
hardware/software  [right]. 


Photo  3 :  Photo  centre  coincides  with  scan  centre  (approx.). 

Chevrolet  Malibu,  5  m  x  2  m  (approx.)  [left  centre]. 
Sheet  of  Aluminum,  2.4  m  x  1.2  m  (approx.)  [left  below]. 
Renault  Encore,  4  m  x  1.2  m  (approx.)  [right  centre]. 


Photo  4  :  Generated  radiometer  scan  pattern  (automatic  scanning  mode). 
Object  size  and  distance  correlation  (approx). 
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ABSTRACT 

A  idual  frequency  microwave  radiometer  is  developed  to 
remotely  sense  water  vapor  and  liquid  in  the  tropo¬ 
sphere.  A  pair  of  optimum  frequency,  20.60  and  3 1.65 
GHz,  is  adopted.  Each  frequency  Dicke  radiometer  has 
its  own  antenna  and  receiver,  but  both  radiometers  are 
controlled  by  a  microcomputer  system  and  mounted  on  a 
rotatable  pedestal.  The  sensitivity  at  Isec  time  con¬ 
stant  and  the  accuracy  of  the  brightness  temperature 
is  0.2K  and  0.5K,  respectively,  at  each  frequency. 

KEY  WORDS 

Microwave  radiometer,  Passive  microwave  remote  sena 
sing,  Tropospheric  water,  Tropospheric  liquid. 
INTRODUCTION 

The  ammount  of  tropospheric  water  vapor  and  liquid  is 
highly  variable  in  both  time  and  3pace.  The  microwave 
radiometry  is  the  most  promising  method  to  continuous¬ 
ly  measure  these  variation  in  real  time.  A  steerable 
dual  frequency  microwave  radiometer  is  developed  in 
China.  A  pair  of  optimum  frequencies,  20.60  and  31.65 
GHz,  is  adopted  (Wu  1979,  Hogg  et  al.  1985) •  The  20.60 
GHz  frequency  is  removed  from  the  peak  of  the  absorp¬ 
tion  line  (22.24GHz)  of  water  vapor,  therefore  at  this 
frequency  the  change  in  absorption  caused  by  the  pres¬ 
sure  broadening  is  minimize.  The  31.65GHz  frequency  is 
situated  in  a  transmition  window  of  the  troposphere 
and  primarily  senses  the  liquid  in  cloud.  The  bright¬ 
ness  temperature  at  these  frequencies  incorporated  in 
a  pair  of  simultaneous  equations  to  retrieve  the 
amounts  of  water  vapor  and  liquid. 

The  block  diagram  of  this  radiometer  is  shown  in  Fig.1. 

VwTEHHa  system 

A  90°  offset  paraboloid  reflector  with  a  conical  cor- 
ruga  ii  feed  horn  is  adopted  as  antenna  system  for 
each  frequency.  The  antennas  are  put  on  a  rotatable 
azimuthal  pedestal.  The  beams  are  synchronously  scan¬ 


ned  in  azimuth  by  rotation  of  the  pedestal  about  its 
vertical  axis  and  in  elevation  by  rotation  of  the  re¬ 
flectors  about  their  offset  axe3.  These  axes  are  me¬ 
chanically  coupled,  so  only  one  stepping  motor  is  used 
to  drive  the  reflectors  in  elevation.  The  antennas  are 
able  to  be  scanned  at  2°/sec  in  azimuth  or  elevation. 
The  pointing  accuracy  is  0.1°  in  elevation  and  0.5°  in 
azimuth.  The  reflectors  with  tolerence  of  0.1mm  is  ma¬ 
chined  from  cast  aluminum  using  profile  modeling  me¬ 
thod.  The  parameters  of  the  antenna  systems  are  selec¬ 
ted  to  ensure  that  the  antennas  have  nearly  similar 
beams  (half  power  beam  width  2.5°),  low  side  lobe3  ( 
-27dB)  and  high  beam  efficiency  (  90/6)  at  both  fre¬ 
quencies. 

RECEIVER  SYSTEM 

The  block  diagram  of  the  receivers  is  shown  in  Fig.  2. 
Both  receivers  are  similar  Dicke  radiometers.  A  fer¬ 
rite  waveguide  switch  alternates  the  input  to  the 
mixer  from  the  sky  to  a  reference  waveguide  load.  The 
switches  and  loads  of  both  frequencies  are  assembled 
in  a  polyfoam  package  and  temperature  controlled  at 
40iQ.05°C.  The  solid  state  noise  diodes  as  the  second 
calibration  noise  sources  may  inject  their  noise  into 
the  receivers  through  the  -33dB  couplers.  The  injected 
noise  are  primarily  calibrated  by  the  cold  (liquid 
Nitrogen)  and  hot  (ambient  temperature)  microwave  ab¬ 
sorbers  which  successively  cover  the  antenna  apertu-- 
res.  The  Shottky  diode  mixer  with  the  Gunn  diode  local 
oscillator  and  intermediate-frequency  passband  from  50 
to  500MHz  has  4»0dB  noise  figure.  The  digital  demodu¬ 
lation  is  performed  by  the  microcomputer  system.  In 
addition  to  the  digital  demodulation  the  analog  syn¬ 
chronous  detectors  are  also  built  in  the  receivers, 
which  may  be  operated  independently  of  the  microcompu¬ 
ter  system.  The  sensitivity  at  Isec  time  constant  and 
the  accuracy  of  the  brightness  temperature  are  0.2K 
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and  0.5K,  respectively,  at  each  frequency.  Both  recei¬ 
vers  are  assembled  m  one  waterproof  and  thermally  in¬ 
sulated  enclosure.  Its  temperature  i3  controlled  at 
35£l.5°C.  This  enclosure  connected  with  the  feed  horns 
is  put  on  the  azimuthal  pedestal.  Because  the  offset 
angels  of  the  reflectors  are  90°,  this  enclosure  does 
not  rotate  during  elevation  scan.  The  receivers  have 
excellent  mechnical  and  thermal  stabilization  to  ensure 
the  3table  overall  performance. 

CONTROL  AND  PR0C33SING  SYSTEM 

The  block  diagram  of  the  control  and  processing  system 
is  shown  in  Pig.  1.  There  are  two  independent  antenna 
operation  modes,  mode  a  and  mode  B,  which  can  be  selec¬ 
ted  by  observer.  In  mode  A  the  U— 80  microprocessor  sys¬ 
tem  is  used  to  control  the  antennas.  The  antenna  beams 
can  be  pointed  to  any  position  and  scanned  in  azimuth 
or  elevation  simply  by  inputting  suitable  instructions 
using  the  keyboard  on  the  panel  of  the  control  case. 

The  operating  programs  are  written  in  assembly  langua¬ 
ges  and  stored  in  an  eprom.  Antenna  positions  are  dis¬ 
played  digitally  at  resolution  of  0.1°  on  the  panel.  In 
order  to  ensure  the  pointing  accuracy  Hall  sensors  are 
used  to  calibrate  the  .zero  degree  in  reset  for  both  of 
azimuth  and  elevation  angle.  In  mode  B  the  IBM  PC/XT 
microcomputer  system  controls  the  antennas. to  point  and 
scan  the  beams  and  to  sample  and  store  the  antenna  po¬ 
sition  angles.  Independently  of  the  antenna  operation 
mode  selection  the  microcomputer  system  also  controls 
and  processes  the  following  items. 

A.  switching  the  ferrite  switches  and  noise  diodes  ac¬ 
cording  to  the  modulating  and  calibrating  sequences. 

B.  Sampling  averaging  and  storing  the  following  quan¬ 
tities  corresponding  with  the  sequences  mentioned 
above,  (a)  The  output  of  the  converters,  (b)  The  tem¬ 
perature  of  the  reference  waveguide  load3.  (c)  The  am¬ 
bient  air  temperature,  dew  point  and  pressure,  (d)  The 
voltage  of  various  power  supplies. 

C.  Digital  synchronous  demodulating  (Janssen  1985) • 


D.  Calibrating,  integrating,  averaging  and  storing  the 
demodulation  output  to  get  the  brightness  temperature. 

E.  Retrieving  the  integrated  amounts  of  water  vapor 
and  liquid  or  the  water  vapor  profile. 

F.  Displaying  and  printing  the  intermediate  data  for 
data  quality  checking  and  instrument  self-diagnosis. 
This  microcomputer  system  provides  considerable  advan¬ 
tages  in  terms  of  continuous  and  unattended  measure¬ 
ment  of  water  vapor  and  cloud  liquid  in  the  tropo¬ 
sphere. 

APPLICATIONS 

Since  la3t  October  a  prototype  dual  frequency  micro- 
wave  radiometer  has  been  operated  in  the  Academy  of 
Meteorological  Science  at  Beijing,  China.  The  netrie-. 
ved  water  vapor  profiles  have  been  compared  with  the 
radiosonde  measurements  (see  Pig.  3).  The  operation 
experience  has  shown  that  this  instrument  is  stable 
and  reliable.  As  a  water  vapor  profiler,  it  will  join 
into  the  operational  experiment  on  mesoscale  meteoro¬ 
logy  in  this  summer. 

The  second  radiometer  is  being  asaemblied  in  the  In¬ 
stitute  of  Electron  Physics  at  Shanghai,  China.  It  is 
planned  to  join  into  the  geodetic  VLBI  and  CPS  obser¬ 
vation  to  promote  the  excess  path  length  correction  to 
the  centimeter  level  for  geodynamic  and  seismic  re¬ 
search. 
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ABSTRACT 

During  May-October  of  1987,  a  total  of  four  Intensive  Field  Campaigns 
(IFC)  distributed  over  S7  days  were  conducted  for  the  First  ISLSCP  (Inter¬ 
na  tlonal  Satellite  Land  Surface  Climatology  Project)  Field  Experiment 
(FIFE).  FIFE  took  place  at  and  around  the  Konza  Prlarle  Long-Term  Ecologi¬ 
cal  Research  site  near  Manhattan,  Kansas.  The  objectives  are  to  obtain 
the  necessary  data  to  permit  Interpretation  of  satellite  observations  to 
Infer  cllmatologically  significant  land  surface  parameters.  Ono  of  several 
major  elements  In  this  cooperative  effort  Is  soil  moisture  mapping  of  the 
test  area  with  the  L-band  pushbroom  microwave  radiometer  (PBMR)  aboard 
the  NASA  C-130  aircraft.  There  were  a  total  of  11  complete  flights  for 
the  four  IFC's,  each  consisting  of  15  flight  lines.  Twelve  of  these 
lines  were  long  lines  flown  at  an  altitude  of  600  meters,  mapping  an  area 
of  about  8  km  by  14  km.  Three  short  lines  were  flown  at  300  meters  over 
two  adjacent  watersheds  (ID  and  2D)  with  a  total  area  of  about  1  km  by 
1.2  km.  Four  additional  flights  of  three  short  lines  were  made  over 
these  two  watersheds  during  the  first  three  IFC's.  Intensive  soil  moisture 
sampling  was  made  concurrently  with  all  the  aircraft  flights  in  these  two 
watersheds  along  the  three  short  flight  lines  at  locations  separated  by 
about  75  meters.  Soil  sampling  was  also  made  every  other  day  during  the 
IFC's  at  other  thirty-four  locations  distributed  over  the  entire  experimental 
area. 


We  have  estimated  the  surface  soil  moisture  from  these  radiometric 
measurements  over  the  entire  area  covered  by  the  aircraft  flights.  This 
was  done  by  making  two  basic  assumptions.  The  first  is  that  the  ground  was 
uniformly  saturated  after  the  6  cm  rain  of  May  27.  Thus,  for  the  radiometric 
measurements  of  May  28  the  soils  were  known  to  be  saturated  and  ground  soil 
samples  collected  In  the  area  gave  an  average  volumetric  moisture  content  of 
43%  with  a  standard  deviation  of  3%.  This  average  value  was  assumed  for  the 
entire  area  covered  by  the  aircraft  flight  on  that  day  and,  when  combined 
with  the  radiometric  measurements,  a  fixed  point  in  the  regression  between 
radiometric  response  and  soil  moisture  was  determined  for  each  radiometer 
footprint.  The  second  assumption  is  that  there  is  a  common  point  of 
intersection  for  the  regression  lines  corresponding  to  different  vegetation 
conditions.  This  point  of  Intersection  was  found  from  the  regression  lines 
for  watersheds  ID  and  2D  at  the  emlssivity  of  0.892  and  soil  moisture  value 
of  10.7%.  The  linear  relationship  between  emlssivity  and  soil  moisture  for 
each  PBMR  footprint  is  determined  by  this  common  point  of  intersection  and 
the  point  at  moisture  value  of  43%.  The  derived  linear  relation  Is  then 
used  to  estimate  soil  moisture  from  other  days  of  tadlometric  measurements. 

It  was  found  that  the  estimated  soil  moisture  values  compared  favorably  with 
those  derived  from  the  Independent  gravimetric  measurements.  The  estimated 
soil  moisture  was  generally  lower  by  about  1-2%,  but  this  may  be  accounted 
for  by  the  fact  that  most  of  the  ground  data  were  collected  in  the  morning 
while  the  radiometric  measurements  were  obtained  in  late  morning  or  in  the 
afternoon. 
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ABSTRACT 

This  abstract  outlines  the  development  and  performance  of  an  imaging  passive  microwave  radiometer  operating  in  the  10  to  85 
GHz  range  specifically  for  precipitation  retrieval  and  mesoscale  storm  system  studies  from  the  ER-2  high  altitude  research  aircraft.  The 
instrument  is  referred  to  as  the  Advanced  Microwave  Precipitation  Radiometer  (AMPR)  and  was  developed  under  contract  to  Marshall 
Space  Flight  Center  (MSFC)  of  the  National  Aeronautics  and  Space  Administration  (NASA).  The  AMPR’s  primary  goal  is  the  exploitation 
of  the  scattering  signal  of  precipitation  at  frequencies  of  10.7, 19.35,  37.0  and  85.5  GHz  to  unambiguously  retrieve  precipitation  and  storm 
structure  intensity  information  in  support  of  the  spacebome  Special  Sensor  Microwave/Imager  (SSM/I)  during  future  airborne  ER-2  data 
flights  in  1989/1990. 


Key  Words:  millimeter  wave,  radiometry,  multifrequency,  precipitation 

INTRQRICTQN 

Scattering-induced  brightness  temperature  depressions  from  precipitation  are  strong  enough  in  the  millimeter  wave  region  to  provide 
a  meaningful  contrast  with  the  radiometrically  warm  land  background  (1,2).  Higher  frequencies  (37  GHz  and  above)  yield  greater  cloud 
penetration  because  of  less  sensitivity  to  small  non-precipitating  ice.  Significant  scattering  has  also  been  observed  in  low  brightness  temperatures 
at  92  and  183  GHz  in  oceanic  convection  (3).  Lower  frequencies  (18  GHz  and  below)  when  used  with  the  higher  frequency  channels  allow 
an  unambiguous  separation  of  the  rain  signal  from  wet  ground  and  water  bodies,  because  the  emissivity  decreases  with  frequency  for  precipitation 
(volume  scatterer),  while  the  emissivity  increases  with  frequency  for  water  (emissive  surface)  (4,5). 

Figure  1  provides  evidence  of  how  different  frequencies  of  radiation  might  respond  to  different  heights  within  a  rain  system.  As  the 
frequency  decreases,  the  depth  in  the  cloud  from  which  most  of  the  information  is  obtained  increases.  For  precipitation  measurements,  one 
would  like  the  response  to  be  from  a  level  as  close  to  the  ground  as  possible.  However,  the  brightness  temperature  contrast  between  rain  and 
the  warm  land  background  is  small  at  such  a  low  level.  At  the  other  extreme  (hitthest  frequency),  the  contrast  temperature  between  the 
storm  and  land  background  is  very  strong;  but  it  is  not  likely  well  related  to  the  precipitation  rate  near  the  surface.  Therefore,  it  is 
advantageous  to  select  an  intermediate  frequency  (such  as  37  GHz)  that  has  a  relative  strong  signal  due  to  attenuation  by  precipitation,  and 
is  still  responsive  to  processes  from  deep  enough  in  the  cloud  to  be  well  related  to  rain  rate. 

Depending  on  the  extent  to  which  precipitation-sized  ice  in  rain  systems  is  important,  the  double  valued  character  of  brightness 
temperature  versus  rain  rate  relationship  can  lead  to  ambiguities  in  the  interpretation  of  single-frequency  data.  An  illustration  of  how  a 
multifrequency  algorithm  can  help  alleviate  this  problem  is  shown  in  Figure  2.  Note  the  double  valued  character  of  the  18  and  37  GHz 
curves  for  ram  cells  which  extend  to  increasing  heights  as  the  rain  rates  at  the  surface  increase.  By  taking  the  difference  between  the  18  and 
37  GHz  brightness  temperatures,  one  obtains  a  useftil  relationship  which  is  single  valued  throughout  its  range.  This  is  one  illustration  of  the 
possible  advantages  of  utilizing  multiple  frequencies  for  the  measurement  of  rain  rates. 


Response  Function  CK/tan)  R  (nmh-1 ) 

Figure  1.  Multifrequency  Response  vs.  Altitude  Figure  2.  Brightness  Temperature  vs.  Rain  Rate 


RAPlQMi  sii’  IFICATIONS 


The  AMPR  is  a  total  power  radiometer  operating  at  frcquei  0.7, 19.35, 37.0,  and  85.5  GHz  and  having  the  following  primary 
characteristics:  a  total  antenna  aperture  of  fifteen  inches,  a  cross-track  nning  configuration,  a  scan  rate  providing  contiguous  coverage 

of  the  earth’s  surface  at  85.5  GHz  from  an  aircraft  altitude  of  20  km,  temperature  resolution  less  than  one  degree  Kelvin  on  all  data 
channels.  The  temperature  accuracy  goal  for  the  sensor  is  less  than  two  degrees  Kelvin  for  brightness  temperatures  greater  than  200  K. 
Brightness  temperatures  of  100  K  to  200  K  yield  an  accuracy  goal  of  less  than  four  degrees  Kelvin. 

An  important  requirement  for  the  AMPR  antenna  system  is  the  utilization  of  the  multifrcquency  feedhom  design  used  on  the  SSM/I 
spacebome  imaging  radiometer.  Two  separate  lens  antennas  were  designed  with  an  aperture  of  5.3  inches  at  19.35, 37.0,  and  85.5  GHz  and 
an  aperture  of  9.7  mches  at  10.7  GHz.  These  dimensions  are  based  on  a  desire  to  have  equal  spatial  resolution  at  10.7  and  19.35  GHz  and  to 
have  a  total  aperture  of  fifteen  inches  for  both  antennas. 

The  radiometer’s  temperature  resolution  for  a  total  power  design  is  given  by: 


where 
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ambient  temperature  =  290  K 
system  gain  variation  =  0.01% 
integration  time  =  50  ms 
system  bandwidth 
system  noise  figure 


(1) 


The  system  bandwidth,  noise  figure,  and  the  temperature  resolution  for  each  channel  are  given  in  Table  1.  The  temperature  resolution 
specifications  of  0.22  to  0.38  K  for  the  AMPR  channels  are  significantly  better  than  the  performance  goal  of  1.0  K. 


Tabic  1.  AMPR  Temperature  Resolution  Specifications  at  10.7, 19.35, 37.0  and  85.5  GHz 


Ch  (GHz) 

P  (MHz) 

Fa 

F 

rrji 

(Note  1) 

AJrfn 
(Note  2) 

10.7 

100 

3.7 

2.344 

0.31  K 

19.35 

240 

5.7 

3.715 

0.33  K 

37.0 

900 

6.2 

4.169 

0.22  K 

85.5 

1400 

9.2 

8.318 

0.38  K 

Note  1.  Fn,  =  system  noise  factor  =  lO^10 

Note  2.  AT^  =  temperature  resolution  calculated  per  equation  (1). 


An  equally  important  specification  for  a  radiometer  used  to  perform  meteorological  research  is  the  absolute  temperature  accuracy.  A 
calibration  procedure  is  required  to  determine  the  radiometer’s  absolute  accuracy.  The  AMPR’s  temperature  accuracy  specification  depends 
on  the  instrument’s  sensitivity,  the  physical  temperature  of  the  two  calibration  loads,  and  the  observed  brightness  temperature  of  the  scene 
itself.  The  equation  used  to  determine  the  instrument’s  absolute  accuracy  (TKC)  is  as  follows: 


where  A 

AT, 

Tc 

T„ 

Ts 


temperature  resolution 
thermistor  accuracy  =  0.1  K 
cold  calibration  load  temp.  =  233  K 
hot  calibration  load  temp.  =  343  K 
scene  brightness  temperature 


(2) 


Table  2  summarizes  the  AMPR’s  absolute  temperature  accuracy  for  each  data  channel.  The  calibration  load  temperatures  are  based  on  a 
temperature  controlled  hot  load  (70’C)  and  an  ambient  (-40*C)  cold  load  at  an  altitude  of  20  km.  Table  2  assumes  four  different  scene 
temperatures  in  order  to  demonstrate  variation  in  temperature  accuracy.  The  largest  value  shown  (1.6  K)  is  still  less  than  the  performance 
goal  level  of  2.0  K  on  all  data  channels. 
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Table  2.  AMPR  Absolute  Temperature  Accuracy  (TKC)  At  10.7, 
19.35, 37.0,  and  85.5  GHz  (Note  1) 


Ch  (GHz) 

Tjcc  for  T,  = 

100  K 

150  K 

200  K 

S  233  K 
(Note  2) 

10.7 

1.4  K 

1.1K 

0.6  K 

0.41  K 

19.35 

1.5  K 

1.1K 

0.7  K 

0.43  K 

37.0 

1.1K 

0.8  K 

0.5  K 

0.32  K 

85.5 

1.6  K 

1.2  K 

0.8  K 

0.48  K 

Note  1.  Assumes  that  the  scene  temperature  (TJ  is  less  than  the  cold  load  temperature  (233K). 
Note  2.  The  absolute  accuracy  is  (A Tm„ + AT,)  for  T,  £  233  K. 


System  Description 

Figure  3  is  a  block  diagram  of  the  AMPR  system  depicting  the  multichannel  receiver,  scanner/calibration,  and  multifrequency  antenna 
subsystems.  A  single  reflector  is  used  to  scan  across  both  antenna  lens  and  a  scanner  processor  is  used  to  control  the  scan  rate,  scan  angle,  and 
the  calibration  cycle.  A  temperature  control  circuit  maintains  a  constant  elevated  temperature  for  the  hot  calibration  load,  as  well  as,  control 
of  the  instrument's  baseplate  temperature.  The  10.7  GHz  antenna  consists  of  the  9.7  inch  aperture  rexolyte  lens  which  illuminates  a  corrugated 
feedhom.  Each  receiver's  analog  output  is  fed  to  its  own  integrate/dump  circuit  and  then  to  a  sample  and  hold  circuit  which  maintains  the 
output  until  sampled  by  the  data  processor.  The  data  acquisition  system  is  being  developed  by  NASA’s  Marshall  Space  Flight  Center. 


Figure  3.  AMPR  System  Block  Diagram. 


Figure  4  is  a  photograph  of  the  AMPR  dual  antenna  configuration  with  the  larger  lens  used  at  10.7  GHz  and  the  smaller  (5.3  in. 
dia.)  lens  used  at  19.35, 37.0,  and  85.5  GHz.  The  smaller  lens  will  illuminate  the  multifrequency  feedhom  (MFFH)  which  has  dual 
polarization  ports  at  the  higher  three  frequencies.  Figure  5  is  a  photograph  of  the  MFFH  which  was  designed,  developed,  and  fabricated  by 
Microwave  Engineering  Corporation  in  North  Andover,  MA. 


Figure  4.  AMPR  Dual  Lens  Antenna 


Figure  5.  SSM/I  Multifrequency  Feedhom 


289 


The  X-band  receiver  consists  of  a  solid  state  downconverter  using  a  dielectrically  resonating  oscillator  (DRO)  operating  at  10.7 
GHz  to  pump  the  double-balanced  schottky-diode  type  mixer.  The  mixer  IF  output  is  fed  to  a  single  integrated  package  containing  IF 
amplification,  square  law  detection  and  low  pass  filtering  stages.  Figure  6  is  a  photograph  of  the  X-band  receiver.  A  low  noise  amplifier 
(10.5  to  10.8  GHz  bandwidth)  is  also  shown  in  the  photograph.  This  amplifier  will  be  used  between  the  antenna  waveguide-to-coax  adaptor 
and  the  mixer  RF  input  to  reduce  the  X-band  receiver’s  overall  noise  figure.  Similar  receivers  at  19.35  GHz  and  37.0  GHz  will  be  supplied 
by  SPACER  LABS,  Inc.  .  .  .  „  .  . 

The  W-band  receiver  is  a  downconverter  consisting  of  a  solid  state  Gunn  Diode  Oscillator  (GDO)  operating  at  85.5  GHz  used  to 
pump  a  balanced  mixer  which  uses  GaAs  beam  lead  diodes.  The  muter  IF  output  is  followed  by  two  low  noise  amplifiers  operating  over  a 
bandwidth  of  0.1  to  1.5  GHz.  The  mixer’s  conversion  loss  is  7.0  dB  and  the  IF  amplifier’s  noise  figure  is  1.5  dB  resulting  m  a  double 
sideband  mixer/amplifier  noise  figure  of  5.5  dB.  Figure  7  is  a  photograph  of  the  W-band  receiver  shown  attached  to  the  MFFH. 


Figure  6.  AMPR  X-Band  Receiver  Figure  7.  AMPR  W-Band  Receiver 

Summary 

High  altitude  research  flights  of  the  AMPR  will  be  onboard  NASA's  ER-2  aircraft  beginning  in  late  1989.  Flights  will  coverprecipitation 
over  land,  as  well  as  variable  surface  effects  such  as  wet  ground  and  snowfields.  Precipitation-oriented  flights  will  include  the  simultaneous 
measurement  of  the  rain  systems  by  AMPR  and  a  calibrated  digital  weather  radar  system.  Future  plans  ca’  *  using  lightning  detection 
instruments  together  with  the  AMPR  to  investigate  the  relationship  between  storm  ice  production  and  the  ele  Ication  of  the  cloud.  The 
AMPR,  along  with  the  lightning  detector  sensor  and  other  multispectral  atmospheric  mapping  sensors,  will  provide  a  complement  of  instruments 
suitable  for  the  high-altitude  flights  over  cloud  and  precipitation  systems  (6). 

The  post-flight  analysis  of  the  AMPR  data  will  be  supported  by  radiative  transfer  modelling  efforts.  These  efforts  include  the  transfer 
of  multiffequency  microwave  radiation  through  both  convective  (deep  with  large  ice)  and  stratiform  (shallow  with  small  ice)  rain  layers.  These 
models  will  be  run  with  varying  surface  and  atmospheric  temperature  conditions  and,  in  the  convective  case,  will  include  the  growing,  mature, 
and  dissipating  stages  of  storm  evolution.  The  multifrequency  response  of  each  case  will  be  tested  for  separability  and  for  information  content 
on  the  rain  rate  at  the  surface. 
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Abstract 

In  1977,  the  Wave  Propagation  Laboratory 
(WPL)  developed  a  millimeter-wave  radiometric  sys¬ 
tem  to  measure  atmospheric  water  vapor,  and  cloud 
liquid.  Since  that  time,  WPL  has  constructed  or  pur¬ 
chased  six  more  radiometric  systems  utilizing  fre¬ 
quencies  ranging  from  20.6  GHz  to  90  GHz.  All  of 
these  radiometers  use  an  Automatic  Gain  Control 
(AGC) -corrected  Dicke  design  which  gives  an  in¬ 
strument  with  the  long-term  stability  and  accuracy 
necessary  for  unattended  operation.  However,  the 
electronics  of  these  receivers  has  been  virtually  un¬ 
changed  since  "977.  A  new  prototype  53.85-Gllz 
single-frequency  radiometer  incorporates  the  best 
features  of  the  old  design  and  improvements  derived 
from  It)  years  of  operational  experience.  The  sensi¬ 
tivity  of  the  53.85-GHz  prototype  is  improved  by 
70%  compared  with  the  original  radiometer. 

].  Introduction 

In  1977,  the  Wave  Propagation  Laboratory 
(WPL)  developed  a  millimeter-wave  radiometric  sys¬ 
tem  to  measure  atmospheric  water  vapor  and  cloud 
liquid.  Since  that  lime,  WPL  has  constructed  or  pur¬ 
chased  six  more  radiometric  systems  utilizing  fre¬ 
quencies  ranging  horn  20.6  to  90  GHz.  A  six-fre¬ 
quency  temperature  profiler  is  operated  routinely  at 
Stapleton  International  Airport  in  Denver,  Colorado 
(Hogg  el  al.  1983a).  A  steerable  three-frequency 
system  and  several  dual-frequency  systems  are  used 
to  measure  water  vapor  and  cloud  liquid  al  various 
locations  (Hogg  el  al.  1983b,  WesUvaler  and  Snider 
1987).  All  of  these  radiometers  were  constructed  us¬ 
ing  an  Automatic  Gain  Control  (AGC)  corrected 
Dicke  design  (Guiraud  et  al.,  1979).  The  receivers 
use  a  three-way  switching  sequence  to  select  either 
two  different  temperature  waveguide  terminations  or 
the  sky.  The  two  terminations  are  used  to  remove 
receiver  noise  and  gain  fluctuations  thus  the  instru¬ 
ment  lias  the  long-term  stability  and  accuracy  neces¬ 
sary  for  unattended  operation.  However,  the  elec¬ 


tronics  of  these  receivers  has  been  virtually  un¬ 
changed  since  the  original  radiometer  was  con¬ 
structed  in  1977.  The  old  design  used  analog  de¬ 
modulation  which  is  subject  to  small  drift  errois  re¬ 
quiring  hourly  correction.  This  produces  hourly  gaps 
in  the  measurement,  complicating  any  lime  series 
analysis  or  the  data.  In  order  to  obtain  continuous 
sampling  and  to  modernize  the  existing  design,  a 
prototype  53.85-GHz  single-frequency  radiometer 
was  constructed  which  incorporates  the  best  features 
of  the  old  design  and  includes  improvements  based 
on  It)  years  of  operational  experience.  The  proven 
AGC-Dicke  technique  is  retained  but  a  microproces¬ 
sor  is  embedded  to  demodulate  the  video  signals 
digitally  and  to  control  die  instrument.  Modern  low 
noise  components  are  used  throughout  to  increase 
system  sensitivity  and  to  improve  temperature  stabil¬ 
ity.  Belter  thermal  control  in  the  prototype  has  re¬ 
duced  temperature  fluctuation  errors  in  the  data. 

2.  Factors  Influencing  Design 

When  the  decision  was  made  to  construct  the 
prototype  radiometer,  several  factors  were  consid¬ 
ered  as  constraints  given  the  operational  use  of  these 
systems.  WPL  run  radiometers  continuously  at  unat¬ 
tended  remote  locations.  Therefore,  the  instruments 
require  calibration  stability  for  several  months  and 
excellent  reliability.  It  was  decided  to  retain  the 
AGC  corrected  Dicke  design,  which  has  been  suc¬ 
cessfully  used  in  WPL  for  a  decade.  Since  the  cur¬ 
rent  offset  parabolic  antenna  design  has  the  same 
beamwklth  for  different  frequency  channels  and  low 
sidelobe  levels  (Hogg  el  al.,  1979),  we  chose  to  em¬ 
ploy  the  same  design  in  the  updated  radiometer. 
Frequency  selection  was  restricted  to  one  of  the  four 
channels  operating  al  Stapleton  International  Air¬ 
port,  Denver,  Colorado.  Thus  direct  comparisons 
with  the  current  hardware  could  be  used  to  measure 
improvement.  53.85-GHz  was  chosen  as  the  proto¬ 
type  frequency  since  it  is  off  the  center  of  the 
60-GHz  oxygen  absorption  line  but  not  greatly  af¬ 
fected  by  water  vapor. 
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3.  Design  Improvements 

A  block  diagram  of  the  prototype  radiometer  is 
shown  in  Figure  I.  The  locus  of  the  design  Is  the 
triple-junction  switched  ferrite  circulator.  By  con¬ 
trolling  the  slate  of  the  first  two  junctions,  the  micro¬ 
processor  can  select  the  sky  signal  from  the  antenna, 
a  reference  termination  controlled  to  318  K,  or  an 
A(JC  termination  cooled  to  250  K.  The  third  junc¬ 
tion  in  the  switch  is  an  isolator  so  the  reflection  coef¬ 
ficient  seen  by  the  mixer  is  constant.  The  polariza¬ 
tion  coupler  allows  two  frequency  channels  to  share 
the  same  antenna.  Losses  and  reflections  in  the  path 
between  the  sky  and  switch,  and  between  cool  load 
and  switch,  are  accounted  for  by  two  calibration  fac¬ 
tors  derived  from  radiosonde  data.  The  noise  power 
from  the  sky,  reference  termination,  and  cool  termi¬ 
nation  are  switched  sequentially,  integrated,  and 
converted  to  digital  format  to  be  processed  in  the 
microprocessor.  Brightness  temperature  is  calculated 
using  the  integrated  noise  powers,  physical  tempera¬ 
ture  of  various  system  components,  and  calibration 
factors.  This  calibrated  brightness  is  then  sent  to  a 
host  computer.  Design  changes  were  implemented  to 
improve  the  sensitivity,  stability,  and  reliability  of  the 
prototype  radiometer. 

Sensitivity  Improvements 

Radiometer  sensitivity  (AT)  is  defined  as  the 
minimum  detectable  change  in  the  ladiomeliic  an¬ 
tenna  tempeiatute  of  the  observed  scene  (Uiaby  et 
al.,  1981).  The  sensitivity  of  an  AGC-corrected 
Dicke  radiometer  is  given  in  Eq.  (I). 


lime,  and  intermediate  frequency  (IF)  bandwidth. 
The  total  sensitivity  Improvement  was  accomplished 
by  optimizing  all  three  parameters.  The  receiver 
noise  temperature  is  dominated  by  the  mixer  noise. 
The  mixer/IF  was  purchased  with  the  lowest  double¬ 
sideband  noise  figure  available  at  the  time.  Recent 
improvements  in  mixer  design  have  reduced  the 
noise  figure  by  almost  a  decibel,  which  will  improve 
sensitivity  even  further  in  future  radiometers.  The 
loss  in  the  microwave  components  before  the  mixer 
also  contribute  to  the  receiver  noise  temperature.  To 
keep  this  loss  at  a  minimum,  the  three-junction 
switch  was  constructed  with  a  configuration  different 
from  than  the  previous  design,  reducing  the  total 
loss  to  0.9  cIB  from  1.8  dB.  Waveguide  lengths 
where  also  kept  al  a  minimum  to  reduce  their  noise 
conltibulion.  These  changes  reduced  the  prototype 
noise  temperature  to  845  K  Irom  the  1950  K  of  the 
original  radiometer. 

The  second  parameter  for  improving  sensitivity 
is  averaging  lime,  t.  It  Is  well  known  that  AT  varies 
inversely  as  the  square  root  of  the  averaging  lime. 
However,  Eq.  (I)  shows  that  the  sensitivity  is  also  a 
function  ol  the  ratio  of  the  sky  averaging  time  to  the 
AGC  averaging  lime.  Figure  2  is  a  plot  of  Eq.  (I)  for 
two  different  ratios  and  (he  sky  averaging  time  of  I 
second.  The  plot  displays  the  improvement  in  sensi¬ 
tivity  obtained  by  averaging  the  AGC  measurement 
10  limes  longer  than  the  sky  measurement.  The  mi¬ 
croprocessor  applies  an  exponential  averaging  algo¬ 
rithm  to  smooth  the  measurements  of  the  reference 
and  cool  terminations,  averaging  the  AGC  longer 
titan  the  sky. 
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where 

AT  =  Radiometric  sensitivly  (K) 

B  =  IF  bandwidth  (Hz) 

7V  =  Antenna  brightness  temperature  (K) 

T,  =  Reference  temperature  (K) 

7'ogc  =  ACG  termination  temperature  (K) 

Trcc  =  Receiver  noise  temperature  (K) 
rngc  =  Averaging  lime  for  the  AGC  (s) 
r  =  Sky  averaging  time  (s). 

The  equation  is  derived  in  a  manner  similar  to  i  Inch 
(1968)  for  a  three-stage  switching  sequence.  How¬ 
ever,  the  equations  are  not  identical  due  to  differ¬ 
ences  in  the  switch  sequence.  Sensitivity  is  a  func¬ 
tion  of  the  receiver  noise  tempeiatute,  avet aging 


The  last  parameter  to  optimize  for  maximum 
sensitivity  is  the  IF  bandwidth.  Equation  (I)  also 
shows  that  sensitivity  varies  as  the  square  root  of  the 
bandwidth.  Thus,  use  of  the  largest  bandwidth  possi¬ 
ble  is  desirable.  The  radiometer  is  constructed  as  a 
double  sideband  receiver,  which  means  that  tiie 
power  in  the  two  sidebands  is  averaged  to  estimate 
the  power  at  the  local  oscillator  frequency.  This  re¬ 
quires  that  the  sky’s  brightness  temperature  curve 
have  a  constant  curvature  as  the  temperature 
changes  with  ftequency.  Oxygen  absorption  near  60 
GHz  is  a  complex  of  many  pressure  bioadened  lines 
that  merge  into  a  genet  ally  smooth  feature  but  has 
complex  line  structure.  Local  oscillator  frequencies 
aie  chosen  in  the  center  of  smooth  regions  of  the 
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Fig.  1.  Block  diagram  of  the  prototype  radiometer 


Fig.  2.  Plot  of  Eq.  (I)  for  two  averaging  ratios. 


bright  ness  curve,  and  (he  IF  bandwidth  is  selected  (o 
span  (his  smooth  region.  Simulations  or  the  line 
shape  showed  that  the  IF  bandwidth  could  be  in¬ 
creased  from  100  MHz  to  150  MHz  without  affect¬ 
ing  the  double  sideband  accuracy. 

The  result  of  our  changes  is  a  reduction  of  AT 
to  0.22  K  for  a  1 -second  averaging  time  where  the 
current  radiometer  has  a  AT  of  0.76  K  for  the  same 
averaging  lime.  This  represents  about  a  70%  im¬ 
provement  in  sensitivity  compared  with  the  current 
radiometer. 

Stability  Improvements 

WPL  operates  radiometric  systems  continuously 
at  unattended  remote  sites.  This  requires  that  the 
systems  maintain  calibration  stability  to  belter  than 
0.5  K  for  several  months  time.  The  AGC  corrected 
Dicke  design  has  been  shown  to  lill  this  requirement 
(Snider  el  al.  1988)  and  has  been  retained  in  the 
prototype  radiometer.  Historically,  sensitivity  has 
been  defined  in  terms  of  the  system  noise  tempera¬ 
ture  since  that  was  the  dominant  source  of  uncer¬ 
tainly.  However,  the  advent  of  low-noise  compo¬ 


nents  has  reduced  that  part  of  the  total  receiver  fluc¬ 
tuations  to  the  level  of  the  systems  short-term  stabil¬ 
ity.  Short-term  Is  used  here  to  mean  periods  of  24 
hours  or  less.  Therefore,  sensitivity  estimates  must 
consider  both  receiver  and  short-term  fluctuations. 
Prototype  short-term  stability  has  been  improved  by 
implementing  a  digital  sampling  scheme  and  enhanc¬ 
ing  the  temperature  control  circuitry. 

The  sequential  switching  between  three  differ¬ 
ent  noise  sources  al  the  input  of  mixer  can  be  con¬ 
sidered  as  a  form  of  modulation.  The  composite  sig¬ 
nal  must  be  sychronously  demodulated  at.  the  output 
of  the  receiver  to  recover  the  input  signals.  The  cur¬ 
rent  design  uses  an  analog  technique  for  demodula¬ 
tion  and  the  Dicke  subtraction.  These  analog  de¬ 
modulation  boards  must  have  their  gain  and  offset 
measured  periodically.  Gain  and  offset  are  assumed 
to  remain  constant  between  measurements.  Besides 
introducing  gaps  in  (he  data  which  complicate  time 
series  analyses,  short-term  drill  may  affect  the  data. 
The  prototype  design  incorporates  a  digital  sampling 
technique  so  the  demodulation,  Dicke  subtraction, 
and  AGC  functions  are  accomplished  in  a  micropro¬ 
cessor.  As  a  result,  the  analog  signal  path  is  common 
to  all  three  measurements,  and  any  gain  or  offset 
drift  is  corrected  for  when  brightness  temperature  is 
calculated.  The  digital  sampling  is  accomplished  by 
applying  the  amplified  video  signal  to  a  linear  voll- 
age-lo-lreqttency  converter.  The  resulting  pulses  are 
counted  for  I  It)  ms,  and  the  total  count  is  read  into 
the  microprocessor  before  the  switch  to  the  next  sig¬ 
nal  in  sequence.  This  process  integrates  the  noisy 
signal  and  gives  a  good  estimate  of  the  mean.  Be¬ 
sides  being  simple,  this  technique  does  not  require 
an  antialiasing  filler,  which  would  Increase  the  set¬ 
tling  time  when  the  signal  is  switched  and  decrease 
the  percentage  of  integration  lime. 

An  important  part  of  the  short-term  fluctua¬ 
tions  is  the  system  temperature  stability.  WPL  has 
always  operated  the  radiometers  in  a  benign  envi¬ 
ronment  and  provided  temperature  control  of  all  im¬ 
portant  components.  The  prototype  design  also  con¬ 
trols  the  temperature  of  the  polarization  coupler  and 
local  oscillators.  Loss  in  the  coupler  and  associated 
waveguide  not  only  attenuates  the  incoming  power 
but  also  adds  noise  due  to  thermal  emission.  Cor¬ 
recting  for  both  of  these  effects  and  for  reflections 
requires  knowing  the  loss  and  rellection  coefficients 
to  a  high  degree  of  accuracy.  WPL  combines  the 
effects  into  a  single  calibration  factor  derived  from 
radiosonde  data.  Improved  temperature  control  of 
the  polarization  coupler  allows  (lie  calibration  factor 
Ui  be  treated  as  a  bias  without  any  temperature  de¬ 
pendence.  Local  oscillator  frequency  stability  is  ini- 
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pui Unit  in  the  legion  neat  the  60-0 Hz  oxygen  ab¬ 
sorption  line  since  the  slope  of  the  biightness-lem- 
perature-versus-frequency  cone  is  qoile  sleep.  The 
frequency  ol  the  Gunn  oscillators  used  by  WPL  de¬ 
ceases  with  increasing  lempeiatuie,  causing  the 
measured  brightness  to  decease  as  the  lemperatuie 
of  the  oscillator  increases.  This  elfect  is  opposite  to 
the  lempeiatuie  dependence  of  the  polarization 
coupler  and  is  difficult  to  account  foi  when  btigl..- 
ness  lempet attires  are  calculated.  Therefore,  the 
lempei attire  stability  ol  the  local  oscillalots  has  been 
signilicanlly  improved  in  the  piotolype. 

Reliability  Improvements 

Reliability  has  always  been  a  consideration  in 
the  construction  of  WPL's  radiometric  systems. 
Therefore,  in  the  prototype  it  was  decided  to  change 
the  design  of  components  that  have  caused  trouble: 
the  AGC  termination,  the  computer,  and  the  video 
amplilier. 

The  current  radiometer  design  holds  the  AGC 
termination  at  418  K,  hot  enough  to  cause  corrosion 
failures  in  the  heater  element  alter  extended  periods 
of  lime.  The  material  used  lor  the  waveguide  termi¬ 
nation  was  found  degraded,  causing  the  termination 
to  crumble  changing  emissivily  and  reflection  coeffi¬ 
cient.  Although  its  material  has  been  changed  to  a 
higher  temperature  specification,  there  has  been  in¬ 
sufficient  time  to  know  the  degree  of  improvement. 
It  was  therefore  decided  to  cool  the  AGC  termina¬ 
tion  (Fig.  3),  instead  ol  heating  it.  The  termination 
is  made  of  standard  lossy  waveguide  material  that  is 
cut  so  the  point  lies  against  (he  edge  of  the 
waveguide  to  reduce  thermal  gradients.  A  sensor  is 
embedded  in  the  material  so  its  temperature  can  be 
monitored.  The  cooled  section  of  waveguide  is  a 
gold-plated  copper  block  that  is  refrigerated  by  a 
thermoelectric  cooler  (Peltier  element)  capable  of 
70°C  dillerence  between  its  hot  and  cold  surfaces. 
The  monitor  sensor  is  the  feedback  element  in  a 
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Fig.  3.  Block  diagram  of  cooled  AGC  termination. 


servo  circuit  that  holds  the  temperature  of  the  termi¬ 
nation  at  250  K  with  0. 1  K  peak-to-penk  stability. 
The  thin-wall  stainless  steel  waveguide  reduces  heat 
flow  but  is  gold  plated  for  low  electrical  loss.  This 
waveguide  is  filled  with  a  low-loss  foam  (dielectric 
constant  of  1.03)  to  prevent  water  from  condensing 
on  the  termination.  Silica  gel  placed  behind  the  ter¬ 
mination  absorbs  any  water  that  is  Inside  the 
waveguide.  Another  benefit  of  cooling  the  AGC  ter¬ 
mination  is  that  the  sky  brightness  at  53.85  GHz  is 
close  to  the  250  K  AGC  temperature.  This  places 
fewer  demands  on  the  linearity  of  the  radiometer 
than  the  418  K  termination  that  is  currently  used. 

The  radiometric  systems  operated  by  WPL  con¬ 
tain  a  minicomputer  to  collect  analog  voltages  and 
compute  the  final  brightness  temperature.  These 
minicomputers  dating  from  the  1970’s  have  been 
the  most  unreliable  part  of  the  system.  Therefore,  a 
CMOS  microprocessor  was  incorporated  in  the  pro¬ 
totype  radiometer  to  perform  all  the  functions  previ¬ 
ously  performed  by  the  minicomputer  but  with  fewer 
components  and  more  reliable  packaging.  This 
eliminated  the  need  for  an  external  computer  with 
external  analog  cabling  resulting  in  improvement  in 
reliability. 

The  current  radiometric  design  requires  peri¬ 
odic  adjustment  of  the  video  amplilier  gain  and  off¬ 
set  to  remain  within  the  range  of  the  analog-lo-digi- 
lal  converter.  If  the  output  of  the  video  amplilier 
drifts,  voltage  peaks  in  the  signal  can  get  clipped 
causing  the  output  to  be  nonlinear.  To  correct  this 
problem,  the  prototype  video  amplifier  was  designed 
with  a  microprocessor-controlled  offset  and  gain  ad¬ 
justment.  Whenever  the  output  exceeds  preset  lim¬ 
its,  the  microprocessor  realigns  the  amplifier  auto¬ 
matically.  The  current  analog  radiometer  also  re¬ 
quires  adjustment  of  all  analog  circuits  during  con¬ 
struction  or  component  replacement.  The  prototype 
design  requires  no  adjustments,  which  simplifies 
construction  and  operation. 

4.  Plans 

The  six-frequency  radiometric  system  at 
Stapleton  International  Airport,  Denver  Co.,  is  the 
only  temperature  profiler  currently  operated  by 
WPL.  The  prototype  system  described  here  is  the 
initial  step  in  the  creation  of  a  second  generation 
radiometric  temperature  profiler.  Components  have 
been  purchased  to  add  a  56.02  GHz  channel  to  the 
53.85  GHz  prototype.  In  addition,  a  second  dual 
channel  radiometer  with  frequencies  at  23.85  GHz 
and  31.65  GHz  is  now  under  construction  which  will 
measure  water  vapor  and  cloud  liquid.  These  two 
radiometers  will  be  installed  into  a  movable  building 
to  form  a  four  frequency  temperature  profiler 


294 


(Schroeder  el  al.  1989).  The  initial  application  will 
he  to  evaluate  the  accuracy  of  temperature  profiles 
retrieved  from  l he  four-channel  system.  In  the  fu¬ 
ture,  two  more  frequencies  will  he  added  to  the  ra¬ 
diometric  system  between  50  GHz  and  60  GHz 
making  it  a  complete  six-channel  temperature 
profiler. 
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BACKGROUND 

NORDA,  in  cooperation  with  the  Naval  Weapons 
Center  (NWC)  at  China  Lake,  California,  has  been 
collecting  passive  microwave  imagery  with  the  Ka-band 
Radiometric  Mapping  System  (KRMS)  since  1980.  With 
the  exception  of  data  collected  in  1983,  none  of 
these  data  have  been  converted  to  brightness 
temperatures.  The  1983  data  were  converted  to 
brightness  temperatures  using  an  engineering  method 
which  required  measuring  gains  and  losses  within  the 
system  and  then  scaling  the  resultant  radiances  to 
measured  surface  values  for  open  water  and  first-year 
sea  ice.  Here  we  propose  alternative  methods.  The 
KRMS  system  has  a  measured  internal  reference  load 
which  is  related  to  brightness  temperature  and  can  be 
used  as  a  warm  reference  temperature.  A  graph  was 
produced  at  NWC  by  placing  a  thermocouple  at  the 
reference  load,  varying  the  reference  loao  voltage 
and  recording  the  resultant  equivalent  brightness 
temperature.  This  provides  a  warm  reference  point. 
Another  possible  method  is  to  use  a  local  ambient 
temperature  at  the  surface,  adjusted  for  the  highest 
anticipated  emissivity  for  sea  ice  (0.94),  as  the 
warm  reference  point.  The  cool  reference  point  that 
is  used  for  both  methods  is  an  assumed  brightness 
temperature  for  calm  open  water  at  nadir  of  135  K. 
This  study  exo’-nes  the  applicability  of  both 
methods. 

INTRODUCTION 

Data  from  three  KRMS  mlssons  were  used  to 
evaluate  the  conversion  procedures:  March  1983 
(Beaufort  Sea),  March  1987  (Labrador  Sea),  and  March 
1988  (Bering,  Beaufort,  and  Chukchi  Seas).  The 
conversion  procedures  presented  make  several 
assumptions. 

First,  we  asurae  that  the  lowest  apparent 
brightness  temperature  in  a  scene  is  greater  than  or 
equal  to  that  for  smooth  open  water  at  nadir, 
approximately  135  Kelvins  (Hollinger  1973,  Hollinger 
and  Lo,  1984),  This  open  water  value  is  a  surface 
measurement  of  calm  sea  water  at  nadir  and  does  not 
take  into  account  atmospheric  effects. 

Second,  we  assume  that  the  highest  brightness 
temperature  in  a  scene  can  be  estimated  using  either 
a  known  surface  temperature  (Tt)  or  by  measuring  Che 


reference  load  voltage  and  computing  the  equivalent 
brightness  temperature. 

If  these  assumptions  hold,  then  the  range  of 
digital  radiance  values  present  in  a  KRMS  data  set 
can  be  linearly  scaled  to  brightness  temperatures 
that  fall  within  this  range. 

CONVERSION  METHODS 

The  warm  tie-point  is  determined  by  using  either 
a  local  ambient  temperature,  adjusted  for  the  highest 
anticipated  emissivity,  or  the  reference  load 
equivalent  sensor  temperature. 

The  first  method  uses  the  ambient  surface  air 
temperature  adjusted  by  the  emissivity  of  first-year 
ice  for  Che  warm  tie-point.  Since  Tb  -  E  *  Tt 
relates  radiometric  brightness  temperature  (Tb)  of  a 
body  with  emissivity  (E)  to  its  physical  temperature 
(Tt)  ,  and  E  ranges  from  0.0  to  1.0,  the  radiometric 
temperature  (Tb)  of  a  surface  should  not  exceed  its 
physical  temperature  (Tt) .  The  emissivity  of  any 
natural  surface  is  less  than  1.0,  so  the  highest 
anticipated  radiometric  temperature  in  a  scene  is 
necessarily  less  than  its  physical  temperature. 
Since  first-year  sea  ice  and  some  forms  of  young  ice 
have  the  highest  emissivity  (0.94),  they  will  display 
the  highest  radiometric  temperatures  observed  in  KRMS 
images  of  sea  ice. 

The  second  method  uses  the  internal  reference 
load  and  its  equivalent  brightness  temperature  for 
the  warm  tie-point.  KRMS  data  are  digitized  across 
a  twenty  volt  range,  with  the  highest  signal  level 
set  at  +10  volts  and  the  lowest  set  at  -10  volts. 
When  analog  data  are  digitized,  gain  and  offset 
applied  to  the  analog  signal  are  adjusted  such  that 
the  reference  load  load  voltage  corresponds  to  a 
digital  value  0.  By  deriving  the  brightness 
temperature  that  is  equivalent  to  the  reference  load 
and  a  digital  value  of  about  0.  a  warm  tie-point  is 
established.  The  cool  tie-point  of  135  K  is  set  at 
a  digital  value  of  2000,  and  the  data  scaled  linearly 
between  these  tie-points. 

Figure  1  provides  a  comparison  of  the 
engineering  conversion  used  in  1983  and  the 
corresponding  conversion  using  a  local  adjusted 
ambient  temperature  and  open  water.  An  example  of 
brightness  temperature  conversions  obtained  using 
both  the  reference  load  and  the  adjusted  ambient 
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temperature  for  the  same  data  set  are  shown  as  Figure 

2. 

The  average  slope  of  the  conversion  equation  for 
the  ambient  temperature  method  is  0.0584,  with  a 
standard  deviation  of  0.00549.  The  average  slope 
for  the  sensor  temperature  (reference  load)  method 
is  0.0728,  with  a  standard  deviation  of  0.0027.  These 
values  are  based  on  nine  coincident  samples  and  are 
shown  graphically  as  Figure  3. 

CONCLUSIONS 

Both  methods  presented  produce  ranges  of 
brightness  temperatures  that  appear  to  be  reasonable 
for  the  types  of  surfaces  observed.  The  sensor 
temperature  method  produces  values  that  compare  more 
favorably  with  data  collected  by  other  passive 
microwave  radiometers.  The  sensor  temperature/water 
conversion  method  is  more  repeatable  and  is  the 
recommended  method  to  use  with  existing  KRMS  data. 
The  ambient  temperature  method  is  not  suited  for  use 
with  existing  data,  due  to  the  difficultyln  obtaining 
reliable  ambient  temperature  measurements  along 
flight  tracks. 

The  open  water  brightness  temperature  of  135 
kelvin  is  an  assumed  value  for  a  calm  sea.  The 
distance  between  the  sensor  and  the  surface  are 
known,  however,  atmospheric  contributions  are 
ignored,  as  are  the  effects  of  surface  roughness. 
Thus,  this  value  is  a  possible  source  of  error  for 
both  methods. 

The  variability  of  results  obtained  clearly 
support  the  need  for  system  calibration  for  the  KRMS 
and  other  passive  radiometers. 
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Abstract 

Space-borne  scientific  instruments  usually  have  very  demanding  requirements  and  stringent  constraints.  This  will  often 
lead  to  a  hierarchy  of  desirable  features  for  the  instrument  design  phase.  Specialized  design  and  fabrication  procedures 
(including  materials,  processes  and  components  selection)  are  often  required  to  achieve  a  fully  compliant  instrument.  This 
paper  discusses  some  of  these  procedures  with  examples  cited  from  a  recently  completed  satellite  mass  spectrometer. 

Topics  that  are  discussed  include  instrument  manufacturing  processes  for  space  qualification,  such  as;  laser  welding  of  thin 
foils,  electron  beam  welding,  photo-chemical  machining,  electrical-discharge  machining,  and  electroforming.  Design  and 
manufacturing  practices  for  multilayer  circuits  with  radiation  hardened  electronics  are  also  discussed.  An  example  of 
mechanical  and  thermal  analysis  for  a  satellite  instrument  is  presented. 

This  paper  is  intended  to  assist  the  instrument  engineer  in  selection  of  specialized  materials,  processes  and  components. 
Familiarity  with  the  performance  of  these  processes  and  knowledge  of  associated  problems  will  promote  high  performance 
instruments,  with  fewer  implementation  difficulties. 

Keywords:  Satellite,  Instrument,  Spectrometer,  Materials  and  Processes 


Introduction 

Remote  sensing  and  space  science  instruments  for  space- 
borne  applications  demand  high  performance  and  high 
reliability.  Satellite  instruments  (versus  shuttle  or 
sounding  rocket)  are  the  most  demanding  due  to  the 
extended  mission  life  and  complete  lack  of 
serviceability. 

A  summary  of  general  characteristics  for  satellite 
instruments  is  presented  in  Table  1. 

Table  1:  General  Characteristics  For  Satellite 
_ Instruments 


•  High  Reliability 


•  Low  Mass 

•  Compact  Size 

•  Low  Power  (Consumption  and  Heat  Flow) 

•  Integra!  Structural  and  Thermal  Design 

•  Compliance  with  Environmental  Parameters 

•  Radiation  Hardened  Electronics 

•  Acceptable  Material  Outgassing 

•  Minimal  Costs 

•  Minimal  Risk  (Schedule  and  Technology) 

•  Reasonable  Data  Rates 


To  meet  these  general  requirements  and  instrument 
specific  operational  parameters,  it  is  often  necessary  for 
the  instrument  engineer  to  utilize  advanced  design  and 
fabrication  procedures. 

This  paper  summarizes  several  advanced 
manufacturing  and  design  techniques  that  have  been 
used  on  recent  projects  at  COM  DEV.  Most  of  the 
examples  are  taken  from  a  satellite-borne  ion  mass 
spectrometer  called  SMS  (1). 


The  more  conventional  machining  techniques  include 
CNC  milling,  turning  using  lathe,  grinding  etc.  These 
techniques  have  inherent  limits  with  respect  to 
dimensional  accuracy,  stress  imparted  on  the  work 
piece,  and  the  minimum  size  of  the  part.  For  various 
materials  and  workpiece  sizes  there  are  alternative  and 
more  advanced  machining  processes. 

Electrical-Discharge  Machining 

For  metallic  materials,  electrical-discharge  machining 
(EDM)  can  be  used.  There  are  two  types  of  EDM 
processes,  wire  EDM  and  sink  EDM.  Wire  EDM  is 
conceptually  similar  to  "bandsawing”  where  the  blade  is 
actually  a  10  mil  diameter  wire  (usually  brass).  The 
wire  is  at  a  moderate  voltage  (30-100  volts)  from  the 
grounded  workpiece  and  a  discharge  (arcing)  occurs 
causing  the  workpiece  to  erode  in  a  precisely  controlled 
manner.  As  a  result,  extremely  tight  tolerances  can  be 
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maintained  while  imparting  virtually  zero  stress  to  the 
workpiece.  An  example  of  wire  EDM  is  shown  in  Figure 
1. 


Figure  1:  An  example  of  EDM  Wire  Fabrication  (The 

plate  was  welded  to  the  bottom  after  the 
frame  was  machined) 

EDM  sink  is  a  similar  process  except  the  wire  is 
replaced  by  a  custom  electrode  (usually  copper)  which 
makes  an  "imprint”  into  the  workpiece. 


Electroforming 

Parts  which  have  very  intricate  detail  on  irregular  or 
inaccessible  surfaces,  such  as  millimeter  wave 
corrugated  horns,  may  be  best  manufactured  by  using 
electroforming  techniques.  The  material  selection  is 
limited  to;  copper,  nickel,  silver  or  gold.  Copper  is  the 
most  common  due  to  its  low  cost  and  non-magnetic 
property.  Nickel  is  much  stronger  than  copper  and  is 
not  much  more  expensive,  but  the  inherent  magnetic 
property  of  nickel  make  it  not  suitable  for  some 
applications.  Silver  is  sometimes  used  for  fabricating 
very  small  waveguide  sections  for  the  millimeter  wave 
band.  Silver  has  the  highest  conductivity  of  all  the  pure 
metals.  Gold  is  much  more  tarnish  resistant  than  sikct, 
but  gold’s  conductivity  is  only  2'3  that  of  silver. 


For  both  types  of  EDM,  the  feed  is  computer  controlled. 
The  surface  finish  can  be  controlled  by  using  the 
appropriate  feed  rate  and  current  settings.  The  EDM 
rocess  can  be  utilized  to  provide  parts  with  low  mass, 
igh  precision,  high  reliability  and  compact  size. 


Photo-Chemical  Machining 

Photo-chemical  machining  (PCM)  is  often  used  for  thin 
parts  which  are  machined  from  a  sheet  or  foil.  The 
material  is  usually  a  metal  or  metal  on  dielectric  film. 
PCM  is  most  often  single  sided  etching,  where  the 
artwork  image  is  phutolithugraphically  produced  on  one 
side  of  the  sheet,  and  the  back  of  the  sheet  is  totally 
masked.  For  more  demanding  tolerances  and  small 
detail  size,  double  sided  etching  can  be  used  for  metal 
parts.  In  this  case  two  artworks  are  produced  and 
aligned,  then  the  workpiece  sheet  is  inserted  between 
the  two  artworks  so  that  the  photolithographic  image  is 
produced  on  both  sides  of  the  sheet.  The  "etch  back”  is 
reduced  by  o  factor  of  two  with  double-sided  etching. 
The  limits  on  detail  size  aic  a  fur.etiuii  of  material 
thickness  fur  "etch  away”  areas,  and  are  limited  by  the 
fragility  of  the  part  for  "flat”  areas. 

The  PCM  process  can  be  very  cost  effective  for  large 
uantities.  PCM  also  provides  the  highest  reliah'l'ty  m 
elicate  part  manufacturing. 

Figure  2  shows  a  grid  developed  for  the  SMS  project. 
The  grid  mesh  is  constructed  out  of  1  mil  molybdenum 
foil,  the  strand  width  is  1.6  mil ±.5  mil. 


WeldingTechniques 

Most  conventional  welding  techniques  are  not  suitable 
for  precisely  toleranced  parts  or  thin-walled  low  mass 
structures  due  to  the  high  thermal  distortion  caused  by 
the  welding.  However,  electron  beam  welding  (EBW) 
and  laser  welding  (LW)  can  often  be  used  in  these 
situations  since  the  heating  is  extremely  localized  and 
well  controlled. 

Electron  Beam  Welding 

Although  EBW  can  be  performed  in  the  atmosphere  [2], 
the  best  results  are  obtained  with  vacuum  systems.  The 
part  is  mounted  in  the  vacuum  chamber  and  electrically 
grounded  to  the  chamber  housing.  After  a  sufficient 
vacuum  is  achieved  (*»  10  )tori)a  well  focused  beam  of 
high  energy  electrons  (  =  60  keV)  is  directed  onto  the 
workpiece.  The  depth  of  weld  is  controlled  by  the 
welding  current  (typically  tens  of  milliamps)  and  the 
weldingspeed  (*  2-50 inrhes/min). 

The  EBW  process  is  often  used  on  aluminum  alloy  6061 
for  space  applications.  A  filler  material  must  be  used 
due  to  the  high  degree  of  brittleness  of  the  606)  alloy. 
The  EBW  military  specification  MIL-W-46132  states 
that  aluminum  alloy  4047  or  4043  must  be  used  for 
welding  alloy  6061.  We  have  found  the  4043  is  more 
ductile  than  4047  and  the  resulting  welds  are  much  less 
prone  to  cracking. 

The  SMS  housing  was  welded  together  using  EBW  butt 
joint  with  backplate  (4043  filler  shim).  The  wall 
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sections  were  0,063”  thick  6061  aluminum  that  had 
previously  been  nickel  plated.  Tests  performed  on 
sample  pieces  demonstrated  a  30,000  psi  tensile 
strength  which  was  more  than  adequate  for  the 
application. 

Laser  Welding 

The  achievable  performance  in  laser  welding  will  vary 
greatly  between  laser  systems,  however  the  following 
general  statements  apply.  LW  can  provide  spot  or 
continuous  welds.  The  depth  of  weld  achievable  is  less 
than  that  of  EBW.  LW  can  be  much  faster  than  EBW 
since  the  workpiece  is  not  contained  in  a  vacuum. 
Aluminum  and  copper  are  difficult  to  work  with  for  most 
laser  systems. 

For  the  SMS  piuject  it  was  necessary  to  weld  1  mil  thick 
molybdenum  foils  to  titanium  frames.  This  was  a  very 
challenging  problem  since  if  even  a  minute  gap  existed 
between  the  foil  and  the  frame,  the  foil  would  be 
evaporated  at  the  laser  beam  focus.  In  addition,  the 
grids  were  required  to  be  very  fiat  when  welded.  After 
some  development  we  found  that  excellent  welds  could 
be  obtained  using  a  C02  laser  and  a  modified  process. 
To  ensure  that  the  grids  (foils)  were  flat  and  in  the 
proper  position  when  welded,  we  mounted  the  foils  on 
plexiglass  and  aligned  the  frames  on  the  foils.  These 
parts  were  then  welded  through  the  plexiglass,  this 
allowed  us  to  ensure  that  the  foil  was  in  intimate 
contact  with  the  frame  at  the  time  of  welding.  An 
sample  of  this  type  of  weld  is  shown  in  Figure  2.  This 
approach  also  allowed  us  to  weld  foils  onto  curved 
(cylindrical)  surfaces  by  first  molding  the  plexiglass  to 
the  desired  shape. 

Surface  Finishes 

Metal  components  require  a  surface  finish  to  enhance 
performance  and/or  to  prevent  uncontrolled  surface 
oxidation. 

The  most  common  metal  used  in  satellite  instruments  is 
aluminum  alloy  6061.  In  addition  to  electroplating,  this 
metal  can  be  finished  by  chemical  conversion  techniques 
such  as  chromate  conversion  or  by  electrochemical 
techniques  such  as  anodizing. 

Most  metals  can  be  electroplated  with  a  variety  of 
metallic  finishes.  However  certain  metals  are  more 
difficult  to  electroplate,  and  intermediate  adhesion 
layers  are  often  required.  Electrolytic  plating  can  cause 
a  heavy  build  up  of  the  deposited  material  at  sharp 
edges  and  corners  due  to  increased  current  densities. 
Electroplaters  that  are  experienced  with  high  precision 
components  can  minimize  the  plating  build  up  by  using 
proper  anode  geometry. 

Common  electroplated  surface  finishes  include  silver 
nickel,  gold  and  rhodium.  Silver  is  highly  conductive 
and  solaerable  but  suffers  from  tarnishing.  Gold  is 
tarnish  resistant  and  conductive,  but  it  is  difficult  for 
soldering  since  special  care  must  be  taken  to  prevent 
gold  migration  which  could  cause  solder  embrittlement. 
Nickel  has  low  conductivity  and  is  usually  magnetic, 
but  it  cart  provide  an  economic  and  attractively 
assivated  surface  for  noncritical  components.  Rhodium 
as  moderate  conductivity,  high  wear  resistance, 
excellent  soldering  properties  and  an  excellent  (low) 
secondary  electron  emission  coefficient.  A  rhodium 
surface  unish  (or  flash)  will  improve  RF  component 
performance  against  multipaction  breakdown. 


Mechanical  and  Thermal  Analysis 

The  mechanical  and  thermal  analysis  that  is  required 
for  satellite-borne  scientific  instruments  is  a  very 
essential  stage  in  the  instrument  design  cycle.  This 
analysis  of  the  design  will  ensure  proper  equipment 
operation,  sound  thermal  performance  and  adequate 
structural  integrity.  The  analysis  should  be  performed 
prior  to  the  fabrication  of  each  model  (engineering 
model,  qualification  model  and  flight  model).  Hence  all 
design  modifications  that  arise  would  be  modeled  prior 
to  their  implementation. 

For  simple  shapes,  the  mechanical/thermal  analysis  can 
be  performed  adequately  by  using  standard  formulas  for 
each  subsection  of  the  instrument.  However  for  more 
precise  results  or  for  more  complicated  structures  the 
analysis  can  be  performed  with  the  aid  of  a  computer 
model.  As  an  example,  the  SMS  structure  was  analyzed 
using  COM  DEV’s  in-house  Finite  Element  Modeling 
(FEM)  capabilities.  The  modeling  utilized  a  large  scale 
Finite  Element  Analysis  (FEA)  computer  program 
called  NASTRAN,  and  a  so'|Risticated  pre  and  post¬ 
processing  program  called  PATRAN  2.  The  FEA  model 
used  more  than  400  elements  to  represent  the  entire 
structure.  These  elements  consisted  of  plates,  beams, 
springs  and  concentrated  masses.  The  model  was  then 
solved  for  eigenvalues  and  frequency  response  to 
determine  the  critically  stressed  areas. 

Of  primary  interest  in  this  analysis  was  the  structural 
response  of  the  upper  housing  plate  to  the  applied 
environmental  loading.  The  FEM  analysis  indicated  a 
low  frequency  resonance  in  the  upper  housing  plate 
which  could  have  lead  to  large  deflections  and 
accordingly  high  stresses. 

A  design  change  was  then  implemented  by  stiffening 
the  plate.  This  exercise  resulted  in  a  highly  reliable  and 
structurally  sound  housing ,  without  the  added  costs  and 
schedule  delays  of  fabricating  another  unit. 

Instrument  Electronics 


Instrument  electronics  are  governed  primarily  by 
minimal  mass,  power  and  volume  constraints.  Very 
often  multilayer  circuit  boards  and  radiation  hardened 
devices  are  used. 

Multilayer  Boards 

Most  space  science  instruments  have  a  pre-defined 
shape  Lr  the  electronics  cavity  determined  by  the 
science  and  minimal  mass  objectives.  This  imposes  a 
stringent  requirement  on  the  packaging  of  the 
electronics.  To  maximize  the  area  utilization  of  the 
printed  circuit  board  one  can  use  multilayer  PCBs 
where  components  can  be  packed  side  by  side  with  a 
spacing  of  0.1  inches,  this  allows  80%  utilization  of  area 
for  components.  The  other  advantage  of  using 
multilayer  PCBs  is  that  it  allows  separate  ground  ana 
power  supply  planes  for  EMI  shielding  and  low 
impedance  power  distribution,  which  is  not  possible  on 
conventional  double  sided  PCBs. 

For  satellite  instrument  applications,  the  preferred 
material  used  for  multilayer  boards  is  polyimide  glass. 
The  polyimide-glass  material  possesses  high  heat 
resistance,  good  mechanical  properties  at  high 
temperature,  stable  electrical  values,  superior  chemical 
resistance  and  most  importantly  excellent  z-axis 
dimensional  stability.  The  above  properties  makes  it 
extremely  attractive  for  harsh  environments  with  high 
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temperatures  gradients.  Figure  3  shows  the  coefficient 
of  thermal  expansion  for  different  materials.  The 
polyimide  material  matches  the  coefficient  of  thermal 
expansion  for  copper  up  to  a  temperature  of  240SC. 
Therefore  polyimide-glass  minimizes  the  stress 
developed  in  the  plated  through  holes  during  soldering 
(  =  36(rC)  and  during  the  temperature  cycling. 


Coeff.  of  T.E.  vs  Temperature 


For  multilayer  board  design  and  manufacturing  it  is 
necessary  to  pay  special  attention  to  the  following: 

1.  layer  to  layer  registration  should  be  specified  on  the 
master  drawing  rather  than  quoting  MIL-P-55110, 
since  MIL-P-55110  allows  for  a  maximum 
registration  error  of  14  mil  and  minimum  angular 
ring  of  2  mil.  The  worst  case  angular  ring  of  2  mil 
does  not  allow  an  adequate  margin  of  safety  for 
thermal  cycling  or  soldering  stresses. 

2.  microsectioning  should  be  performed  aside  from  the 
manufacturers  supplied  sections  which  are  normally 
done  on  larger  pad  sizes.  The  sectioning  chosen 
should  be  on  the  smallest  size  holes  used.  The  drill 
diameter  and  plating  thickness  should  be  measured 
to  ensure  that  the  manufacture  has  used  the  proper 
sized  drills  rather  than  increasing/decreasing  the 
plating  thickness  to  meet  the  dimension  of  the  plated 
through  hole. 

Special  precautions  are  also  required  in  the  assembly  of 
polyimide  multilayer  boards.  Prior  to  assembly  the 
board  must  be  baked  at  1005C  for  a  minimum  of  1  hour 
to  remove  moisture  absorbed  by  the  material  (polyimide 
has  a  water  absorption  of  30%  by  weight).  During  the 
assembly  process  the  board  should  be  maintained  at 
=»100°C  using  a  hot  plate  and  should  be  soldered  by  a 
special  type  of  solder  iron  with  u  large  thermal  mass  to 
minimize  thermal  gradients  during  soldering  which  will 
minimize  the  soldering  time.  This  is  especially 
important  for  multilayer  PCB  with  power  ana  ground 
planes,  since  these  planes  tend  to  distribute  heat  away 
irum  tile  plated  through  hole  which  prevents  the  Soldei 
from  flowing  nicely. 

Radiation  Hardened  Electronics 

Space-borne  instruments  will  inevitably  be  exposed  to 
some  level  of  radiation  due  to  cosmics  rays,  solar  wind 
and  the  Van  Allen  radiation  belts.  The  radiation  dosage 
will  depend  on  the  orbit  parameters,  the  mission  life 
and  the  amountof  shielding  provided  by  the  satellite. 


One  of  the  primary  concerns  about  the  radiation 
environment  is  its  impact  on  the  lifetime  of 
semiconductor  devices.  A  special  series  of 
semiconductor  devices  that  were  developed  for  high 
radiation  environments,  called  "radiation-hardened” 
devices,  are  available  off  the  shelf. 

Rad  hard  devices  have  been  specially  designed  and  use 
specialized  processing  to  ensure  that  the  components 
will  meet  all  of  the  data  sheet  parameters  after 
receiving  the  specified  radiation  dose.  Due  to  the 
increasing  requirement  for  rad  hard  components 
military  standard  MIL-M-38510  has  included  a 
Radiation  Hardness  Assurance  (RHA)  designator  for  all 
JAN  microcircuit  part  numbers  as  shown  in  Table  2  [3], 

For  a  very  long  design  life,  annealing  of  the 
semiconductor  devices  should  be  considered. 

Table  2:  MIL-M-38510  Radiation  Hardness 
Assurance  Designator 


DESIGNATOR 

TOTAL  DOSE 
RAD  (Si) 

NEUTRON 
FLUENCE 
LEVEL  (n/cm2) 

/ 

No  RHA 

No  RHA 

M 

3000 

2x1012 

D 

104 

2x1012 

R 

105 

>1012 

H 

106 

>1012 

Though  most  manufacturers  of  rad  hard  devices  claim 
that  their  devices  are  functionally  compatible  with 
commercial  or  even  MIL-STD  devices,  there  are  minor 
differences  which  might  affect  the  overall  circuit 
performance  if  not  considered  at  an  early  stage  of  the 
design.  Typical  parameters  which  vary  are; 

•  input  capacitances  of  radiation  hardened  devices  are 
usually  20%  higher. 

•  the  input  high  voltage  has  a  much  smaller  range 
than  commercial  devices  (e.g.  Vdd-0.5V  for  a  logic 
high  on  an  80C85RH  from  Harris). 

•  most  devices  from  Harris  have  regenerative  latches 
at  their  output  pins  which  can  cause  problems  in 
some  cases  when  interfaced  to  another  family  of 
devices.  In  other  cases  some  manufacturers  over 
specify  their  worst  case  parameter,  which  could 
create  a  problem  when  performing  worst  case 
analysis,  and  this  causes  the  system  to  be  over 
designed  (e.g.  the  worst  case  timing  parameters  for 
RCA  CD4000  are  twice  their  typical  parameters). 

As  the  radiation  hardened  processing  technology 
matures,  some  of  these  problems  will  become  more 
visible  to  circuit  designers  and  some  of  the  above 
problems  could  be  eliminated. 

Assembly  Techniques 

Some  of  the  assembly  techniques  which  can  promote 
high  performance  and  minimize  cost  and  schedule  risk 
are  presented  in  this  section.  These  techniques  include; 
press  fit  assembly,  solderless  electrical  contacts,  and 
specialized  handling  procedures. 
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Press  Fit  Assembly 

Press  fit  assembly  techniques  are  valuable  for  use  in 
spacecraft  instruments  because  this  design  philosophy 
permits  the  instrument  mass  to  be  reduced,  ensures 
cleanliness  by  avoiding  adhesives  and  allows  easy 
replacement  of  parts.  Conventional  satellite  instrument 
design  uses  screw  fasteners  to  fix  internal  components 
in  place.  For  applications  where  many  components 
must  be  tightly  packed  into  a  small  volume,  press  fit 
assembly  techniques  (similar  in  concept  to  commer  .ial 
plug-in  PCB  cards)  can  be  used  to  effectively  increase 
component  densities.  This  eliminates  both  the  mass 
impact  of  using  threaded  fasteners  and  the  associated 
volume  to  allow  access  to  mechanical  fastening  points. 
Press  fit  assembly  techniques  circumvent  the  need  to 
use  adhesives  to  hold  components  in  place;  this  is  a  very 
important  consideration  when  items  that  are 
contamination  sensitive,  like  detectors,  are  in  close 
proximity.  Since  fasteners  and  adhesives  are  not 
required  to  fix  components  in  place,  replacement  of 
these  components  is  facilitated.  This  is  an  important 
consideration  for  applications  that  require  iterative 
calibration  adjustments  or  select-on- test  component 
installation.  An  example  of  press  fit  assembly  used  on 
the  SMS  instrument  is  shown  in  Figure  4.  The  photo 
shows  ceramic  circuit  boards  mounted  on  metal  guard 
rings  that  provide  component  interconnections  between 
the  guard  rings.  The  guard  rings  are  press  fit  into 
polycarbonate  support  pieces,  and  this  assembly  is  itself 
press  fit  into  the  housing.  Figure  5  shows  the  completed 
SMS  instrument  with  the  top  cover  removed,  the 
components  are  press  fit  into  the  nousing. 


Figure  4:  An  Example  of  Press  Fit  Assembly  and 
Solderless  Contacts 


Figure  5:  The  SMS  Instrument  With  The  Top  Cover 
Removed 


Solderless  Electrical  Contacts 

For  most  instruments  it  is  desirable  not  to  use  soldering 
on  final  assembly  for  two  reasons;  the  solder  flux  would 
contaminate  the  instrument,  and  the 
assembly/disassembly  procedure  would  be  very 
cumbersome. 

The  SMS  instrument  required  more  than  70  solderless 
electrical  contracts.  These  were  implement  by  using 
bellows  shaped  contact  springs.  This  type  for  contact  is 
highly  reliable  since  the  spring  force  is  generated  by  a 
continuous  surface  [4].  Figure  6  shows  a  guard  ring 
with  a  ceramic  circuit  board  which  contains  a  resistor,  a 
chip  capacitor  and  the  contact  spring. 


Handling  of  Delicate  Components 

Many  satellite  instruments  use  components  that  require 
special  handling  procedures  due  to  component  fragility, 
electrostatic  sensitivity  or  contamination  sensitivity. 

The  handling  procedures  are  very  important  in  the 
instrument  design  since  the  cost  and  delivery  times 
associated  with  replacement  of  critical  instrument 
components  would  cause  project  cost  and  schedule 
penalties. 

For  the  SMS  instrument,  fixtures  were  designed  and 
used  to  protect  the  delicate  grid  subassemblies  prior  to. 
and  during  the  instrument  integration  .  All  integration 
activities  at  the  instrument  level  were  performed  on  a 
laminar  flow  bench  to  minimize  particle  contamination 
that  could  degrade  the  performance  of  the  SMS  micro- 
channel  plate  detector. 

Conclusions 

We  have  discussed  numerous  processes  and  design 
methods  that  can  be  used  for  satellite-borne 
instruments.  These  techniques  will  promote  higher 
instrument  reliability,  improved  instrument 
performance  and  lower  schedule  and  cost  risks. 
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ABSTRACT 


THEORY 


Much  attention  has  been  given  to  imaging  radar.  To  date,  the 
primary  focus  of  this  attention  is  on  imaging  theory.  It  has  been 
well  established  that  three  dimensional  tomographic  imaging  is 
theoretically  possible.  However,  only  a  very  limited  experimental 
data  set  in  the  microwave  frequency  range  is  available.  This  paper 
presents  some  experimental  imaging  results  for  both  metallic  and 
dielectric  bodies.  Some  three  dimensional  data  has  also  been 
recovered  although  only  two  dimensional  projection  images  are 
presented  at  this  time. 

Key  Words:  ISAR,  SAR,  Inverse  Imaging 


There  are  two  fundamental  interpretations  of  general  inverse 
scattering  theory  for  microwave  experiments.  The  most  common 
interpretation  is  borrowed  from  the  ultrasonic  theory  developed  by 
Porter  -  Bojarski  (Langenburg,  1983)  and  Devaney,(1980).  This 
formulation  makes  use  of  a  Holographic  field  developed  from 
application  of  the  Scalar  Green's  theorem  to  the  geometry  shown  in 
figure  one.  This  formulation  results  in  the  well  known  Porter- 
Bojarski  equation  (Langenberg,  1983): 
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INTRODUCTION 

Microwave  imaging  theory  is  constantly  being  developed. 
However,  the  microwave  inversion  theory  is  still  inadequate  to 
describe  experimental  results.  It  has  long  been  realized  that 
inversion  theory  at  its  present  developmental  stage  accounts  only  for 
first  order  scattering.  However,  it  is  clear  that  the  present  inversion 
theory  is  deficient  on  a  more  fundamental  level.  The  experiments 
indicate  that  a  microwave  image  is  a  map  of  various  scattering 
mechanisms.  Theoretical  inversion  can  only  produce  an  image  of 
the  support  volume  of  the  scatterers.  This  is  accomplished  by 
introducing  an  object  function  which  has  a  value  of  one  inside  the 
scattering  volume  and  zero  outside  the  scattering  volume. 
Furthermore,  it  will  be  shown  tnat  an  image  can  be  formed  from  the 
imaginary  part  of  the  inverted  scattered  field;  whereas,  the  object 
function  is  purely  real.  Using  several  different  targets,  microwave 
imaging  is  investigated  experimentally  in  this  paper. 

In  the  following  section,  a  review  of  microwave  imaging  theory 
is  presented.  Next,  a  description  of  the  various  experiments  is 
described,  followed  by  the  results  of  these  experiments.  The 
I  conclusions  which  can  be  drawn  from  the  experimental  results  are 
presented  in  the  final  section  of  this  paper. 
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This  equation  relates  backpropagated  scattered  field  measurements, 
<SiSt  and  their  normal  derivatives  on  an  arbitrary  measurement 
surface,  to  secondary  sources  residing  in  the  scattering  volume  V. 
This  equation  is  valid  under  the  scalar,  Kirchhoff,  and  Born 
approximations.  An  equivalent  formulation  for  the  vector  fields  is 
possible.  However,  mathematical  inversion  results  in  the  recovery 
of  the  gradient  of  the  object  function.  The  secondary  sources  in  the 
scalar  Porter-Bojarski  equation,  which  ultimately  provide  the  image 
of  the  target,  are  non-unique.  Uniqueness  is  achieved  if  the  so- 
called  object  function  describing  the  geometry  of  the  target  is 
introduced  and  either  angular  or  frequency  diversity  are  employed. 
Within  the  far-field  approximation,  the  well  known  Fourier 
inversion  formulas  shown  below  are  obtained  (Langenberg,  1983): 
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DESCRIPTION  OF  EXPERIMENTAL  IMAGING 


From  an  experimental  point-of-view,  the  theory  is  inadequate  to 
describe  the  physics  of  inverse  scattering.  Although  the  theory  leads 
to  an  inversion  formula  which  works  on  experimental  data,  the 
inversion  does  not  reproduce  the  object  function  of  the  target. 
Indeed,  this  type  of  formulation,  which  involves  inversion  to  a  non¬ 
physical  object  function,  is  not  consistent  with  the  IEEE  definition 
of  an  image  (Mensa,  1984),  which  states: 

"An  image  is  a  spatial  distribution  of  a  physical  property 
such  as  radiation,  electric  charge,  conductivity  or  reflectivity, 
mapped  from  another  distribution  of  either  the  same  or 
another  physical  property." 

In  an  attempt  to  resolve  this  conflict  of  theory  and  experiment, 
Mensa  has  reformulated  the  inverse  scattering  problem  for  the 
microwave  spectrum  using  object  reflectivity.  This  formulation  also 
results  in  a  Fourier  inversion  of  the  scattered  field  measurements, 
however  the  inversion  results  in  a  map  of  the  physical  object 
reflectivity  function  instead  of  the  non-physical  object  function.  The 
inversion  equations  have  the  form  (Dolaty  and  Blanchard,  1988): 


g(x,y>z)  =  jjj  H (F) G (F)exp [2mj (fxx  +  fyy  +  fzz)]df, dfy df^ 

(3) 

The  drawback  of  this  formulation  is  that  it  only  accounts  for 
perfectly  conducting  targets.  The  Porter-Bojarski  formulation  is 
valid  for  perfectly  conducting  targets,  as  well  as  dielectric,  or 
penetrable  targets. 

Both  the  Porter-Bojarski  and  Mensa  formulations  allow  for 
tomographic  reconstruction  of  a  three-dimensional  target.  The 
tomograms  are  formed  by  projecting  the  scattered  field  spectrum 
onto  a  desired  two-dimensional  plane  and  then  Fourier  transforming 
to  get  the  spatial  distribution  of  the  sources  (object  function  or 
reflectivity)  in  the  desired  plane.  The  projection  of  the  scattered  field 
spectrum  onto  a  given  z-plane,  P,  is  accomplished  using  the 
equation: 


g(x,y,s=P)  =  J  J__exp{j2m(Pxx  +  Pyy)}J_H(p,.Py,pz)G(px,Py,pz) 


exp {-j-V  P  -Px-fy2  PI  dPxdPydPz  (4) 


Although  inconsistent  with  the  theory,  the  Porter-Bo*arski 
formulation  can  be  used  to  show  internal  structure  of  penetrable 
targets  using  this  tomographic  technique.  However,  the  Mensa 
formulation,  if  consistent,  should  only  reveal  the  outline  of  the  target 
in  the  desired  plane.  It  is  easily  demonstrated  experimentally  that 
neither  interpretation  of  inversion  theory  is  adequate. 


To  obtain  images  of  real  targets,  the  inversion  formulas  require 
measurement  of  the  scattered  field  over  an  arbitrary  surface.  The 
scattered  field  data  processed  to  obtain  the  images  presented  in  this 
paper  were  obtained  at  the  bistatic  radar  cross-section  measurement 
facility  at  the  University  of  Texas  at  Arlington.  The  geometric 
model  of  the  measurement  facility  is  shown  in  figure  two.  An 
HP8510  microwave  measurement  system  allows  for  broadband 
frequency  diversity,  and  an  azimuth-over-elevation  positioner  allows 
for  angular  diversity  experiments.  The  data  is  processed  into  an 
image  using  a  VAX  8700  and  the  images  are  plotted  on  a  SUN  3 
workstation.  Several  imaging  experiments  at  various  stages  of 
completion  have  been  designed  for  the  measurement  facility.  The 
results  of  the  completed  experiments  are  presented  in  the  next 
section. 

The  first  image  presented  is  of  a  50:1  scale  model  of  a  Bl-B 
aircraft,  which  has  been  metalized  using  nickel  paint.  This  target 
allowed  the  evaluation  of  the  inversion  algorithm  by  providing  a 
perfectly  conducting  object.  An  image  of  a  rough  surface  is  also 
presented  to  investigate  imaging  of  extended  targets.  Finally,  a 
target  comprised  of  a  dielectric  cone  with  an  imbedded  three  in 
radius  spherical  void  has  been  designed.  A  graphical  depiction  of 
this  target  is  shown  in  figure  three.  A  three  inch  metallic  sphere  is 
also  place  in  the  void  to  provide  for  a  composite  target  comprised  of 
a  weak  dielectric,  and  a  perfect  conductor.  Since  the  cone  has  a 
different  cross-section  at  each  cut  perpendicular  to  its  axis, 
tomographic  reconstruction  can  be  demonstrated. 

EXPERIMENTAL  RESULTS 

Figure  4.  like  pole  Bl-B 

Figure  5.  imaginary  Bl-B 

Figure  6.  surface 

Figure  7  cone 

The  results  of  the  experiments  described  in  the  previous  section  are 
discussed  in  this  section.  Figure  four  shows  a  like-pole  image  of 
the  metalized  Bl-B  model  aircraft.  Obviously,  the  image  is  not  a 
map  of  the  object  function  of  the  target.  This  is  clearly  indicated  by 
the  fact  that  only  the  edges  of  the  wings  of  the  aircraft  are  visible  in 
the  image.  A  much  more  plausible  explanation  of  the  image  of  the 
wings  is  a  mapping  of  the  edge  diffraction  from  the  wings.  This  is 
also  indicated  by  the  poor  image  of  the  fuselage.  Another 
inconsistency  between  theory  and  experiment  is  the  ability  to 
reconstruct  an  image  from  the  imaginary  part  of  the  inverted 
measurements.  An  image  produced  from  the  imaginary  part  of  the 
inverted  data  is  shown  in  figure  five.  If  the  image  was  a  map  of  the 
object  function,  the  image  should  be  purely  real.  An  image  of  the 
random  surface  is  shown  in  figure  six.  Again,  it  is  apparent  that  the 
object  function  is  not  reproduced.  The  back  edge  of  the  surface 
appears  as  a  deterministic  structure.  This  is  most  likely  due  to 
surface  waves  propagating  around  the  surface(Langenberg,  1983). 
The  final  image,  shown  in  figure  seven,  is  the  dielectric  cone  with 
the  metallic  sphere.  The  dielectric  interface  with  free-space  and  the 
sphere  are  clearly  visible.  This  indicates  that  the  internal  structure  of 
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penetrable  scatterers  can  be  obtained  from  inversion.  This  is  not 
accounted  for  in  the  reflectivity  formulation  developed  by  Mensa, 
since  the  wavenumber  remains  constant  throughout  the  object 
volume. 

CONCLUSIONS 

Inverse  imaging  theory  for  microwave  scattering  problems  is 
inadequate  to  describe  experiments  for  very  fundamental  reasons. 
Mathematical  inversion  results  in  a  map  of  either  the  object  function 
or  the  reflectivity  function  of  the  target.  However,  it  is  clear  from 
experimental  results,  that  the  image  is  actually  comprised  of  several 
scattering  mechanisms.  The  experimental  results  contained  in  this 
paper  indicate  that  a  microwave  image  is  actually  a  map  of  physical 
scattering  mechanisms  such  as  edge  diffraction,  and  surface  waves. 
Experimental  results  also  indicate  that  the  formulation  in  terms  of  the 
object  reflectivity  function  is  inadequate  to  describe  the  imaging  of 
the  internal  structure  of  penetrable  scatterers. 
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Figure  4.  Like  polarized  (HH,  Magnitude)  image  of  a  inetalized 
Figure  1.  Geometry  use  in  the  development  of  the  Scalar  Green's  aircraft 
Theorem. 
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Figure  6.  Like  polarized  (VV,  Magnitude)  image  of  a  faceted 
surface 
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Two-port  dielectric  cell  measurements  have  been  extensively  used  in 
literature  to  help  in  understanding  the  dielectric  properties  of  a  variety  of 
materials.  These  dielectric  measurements  are  also  useful  in  developing  a 
data  base  for  the  interpretation  of  dielectric  measuring  devices  for 
geophysical  applications.  Most  of  the  two-port  dielectric  measurements 
that  exist  in  literature,  employ  a  coaxial  line  cell.  In  this  paper  we 
introduce  an  alternative  two-port  dielectric  cell  which  is  a  symmetric 
cylindrical  sample  holder  connected  to  a  coaxial  line  connector  at  each 
end. 

We  have  developed  a  full-wave  mode)  that  can  predict  the  response 
of  the  cell.  The  model  predictions  agree  satisfactorily  well  with  the 
experimental  measurements.  We  have  also  developed  an  inversion 
algorithm  based  on  a  modified  Newton  minimization  approach  to  invert 
simultaneously  for  the  dielectric  constant  and  conductivity  of  the  sample 
from  the  four  S-paramter  measurements  supplied  by  a  network  analyzer. 

In  this  paper  we  describe  the  measurement  procedure,  the  full-wave 
forward  model  for  predicting  the  response  of  the  cell  and  the  inversion 
algorithm.  We  show  the  reasonable  agreement  between  theory  and 
experiment  and  demonstrate  how  well  the  inversion  procedure  operates. 
We  also  compare  the  sensitivity  of  the  cell  proposed  in  this  paper  to  that 
of  the  coaxial  line  cell. 


MACNETOTELLURIC  INVERSION  USING  APPROXIMATE  INVERSE  MAPPINGS 
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Beginning  with  earth  surface  measurements  of  electric  and  magnetic  fields 
the  goal  of  an  Inversion  solution  is  to  find  a  conductivity  structure  which 
adequately  reproduces  these  data.  When  the  number  of  parameters  in  the 
earth  model  and  the  number  of  data  are  both  in  the  order  of  thousands,  the 
regular  approach  of  linearizing  the  problem,  and  computing  the  Frechet 
derivatives  to  find  how  the  data  are  changed  when  the  model  is  perturbed, 
yield  a  formidable  amount  of  numerical  computation.  We  demonstrate  that  the 
technique  of  approximate  inverse  mappings  can  be  used  to  generate  a 
geophysically  reasonable  conductivity  model  with  considerably  less 
computation.  Reduced  computation  is  possible  when  the  approximate  Inverse 
mapping  is  chosen  to  represent  the  dominant  physical  process  involved.  The 
mapping  is  used  iteratively  to  converge  to  a  true  solution. 

For  che  2 -dimensional  magnetotellurlc  inverse  problem  the  dominant  physical 
process  is  the  1-dlmensional  attenuation  of  the  electromagnetic  fields  in 
the  conducting  earth.  This  leads  to  an  approximate  inverse  mapping  based  on 
1-dlmensional  flattest  model  inversions  at  each  measurement  site.  This 
choice  of  approximate  inverse  mapping  yields  a  2-dimensional  Inversion 
scheme  which  is  fast  and  robust.  An  important  feature  of  the  approximate 
inverse  mapping  technique  is  the  convenient  manner  in  which  information  from 
different  sources  may  be  included  in  the  solution.  For  example,  in  the  2- 
dimensionol  magnetotellurlc  problem  there  are  four  common  measurements: 
apparent  resistivity  and  phase  for  TE  and  TM  modes.  We  demonstrate  how 
information  from  these  four  sources  can  be  used  to  provide  a  consistent 
model.  Inversion  results  will  be  presented  for  a  number  of  different  data 
sets. 


FUZZY  CLASSIFICATION  WITH  APPLICATIONS 
TO  GEOPHYSICAL  DATA 
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Abstract-  The  theory  of  fuzzy  classification  with  applications  to  geophysical  data  is 
explored  in  this  piper.  The  proposed  technique  is  motivated  by  inaccuracies  and 
unreliabilities  that  often  exist  in  the  feophysiad  dill  which  adversely  affect  the  performance 
of  the  Bayesian  classifiers.  Fuzzy  daastficUion,  through  its  membership  function,  offers 
an  elegant  solution  to  the  problem.  The  algorithm  consists  of  a  supervised  and 
unsupervised  components.  These  two  components  interact  in  a  hybrid  fashion  depending 
upon  the  level  of  uncertainty  associated  with  the  control  samples.  The  algorithm  tales  into 
account  the  uncertainty  in  the  data  by  n«i  going  continuous  membership  grades  to  the 
samples  with  respect  to  the  classes.  Examples  from  seismic  data  illustrate  the  geophysical 
applications  of  the  method. 


The  development  of  the  fuzzy  classification  stems  from  the  need  to  characterize  the 
inaccuracy  that  may  exist  in  the  measured  ditx  or  the  training  samples.  Sudi  imprecision 
is  often  encountered  in  geophysical  data  due  to  noise  caused  by  measuring  instruments  or 
data  processing  steps.  In  the  data  preparation  step,  a  peat  deal  of  decision  making, 
processes  take  place  that  can  introduce  error  in  the  final  interpretation,  such  at  imprecision 
in  the  subsurface  velocities,  poorly  estimated  reflector  dips,  etc.  {7,9}  .  Final  interpretation 
of  the  data  is  further  limited  by  the  uncertainty  resulting  from  the  lack  of  signal  resolution 
as  well  as  the  nonuniqueness  nature  of  the  geophysical  problem. 

There  are  also  other  types  of  inaccuracies  which  are  due  to  the  erroneous  statistics  caused 
by  insufficient  data  samples.  This  type  of  error,  for  instance,  has  paramount  effect  on  the 
classification  result  where  a  specific  probability  distribution  is  assumed,  like  in  the  case  of 
the  Bayesian  classifiers. 

While  fuzzy  classification  offers  the  conventional  classification  for  "hard'  dusters  it  also 
handles  the  representation  for  'fuzzy'  dusters  resulting  from  the  unconsolidated  samples 
not  having  any  specific  membership  in  s  particular  go  up.  Such  a  fuzzy  behavior  of  the 
samples  could  be  due  to  the  inaccuracies  in  the  input  attributes  or  lack  cf  sufficient 
information  about  the  training  samples.  Fuzzy  classification  through  its  continuous  dass 
membership  provides  a  measure  for  Kaiwtting  these  uncertainties.  The  samples  that  are  in 
the  core  of  the  dusters  have  membership  grades  dose  to  one,  while  the  samples  at  the 
periphery  have  membership  grades  approaching  zero.  Moreover,  the  membership  grades 
are  further  influenced  by  s  set  of  tnurung  samples  which  may  be  unreliable  or  Tuny'  in 
character. 
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ABSTRACT 

Continuous  Wave  (CW)  Radio  Imaging  Method  (RIM) 
technology  has  been  developed  and  applied  In  the  last 
five  years  In  more  than  150  diagnostic  surveys  of 
geologic  disturbance  zones  In  layered  formations. 
Reconstructed  tomographic  Images  of  faults,  dlke3, 
sills,  roof/floor  paleochannels  and  rapidly  thinning 
seams  have  been  acquired  and  compared  with  ln-mine 
geologic  mapping  data  obtained  In  mining  near  or 
through  geologic  disturbance  zones.  The  Images  have 
been  used  by  mining  companies  to  guide  mining  machines 
away  from  hazardous  zones.  The  RIM  technology  is  based 
upon  the  transmission  and  measurement  of 
electromagnetic  wave  propagation  constants  along 
multiple  ray  paths  in  natural  waveguides  In  thr  earth. 
Waveguides  are  fo-med  whenever  less  conductive  seams  of 
coal,  trom,  potash,  gtlsonite,  quartzite  or  oil/par. 
sandstones  are  surrounded  by  more  conductive  rock 
layers.  The  predominate  3eam  wave  13  a  zero  order  mode 
transverse  electromagnetic  (TEM)  wave  with  the  electric 
field  vertically  polarized  between  the  surrounding  mu’"*.' 
conductive  layers  while  the  roagnetie  field  component  Is 
horizontally  polarized  In  the  seam.  When  an  F.M  seam 
wave  intersects  a  geologic  anomaly,  the  propagation 
constants  change  from  the  values  determined  for  on 
undisturbed  waveguide.  Interpretation  of  Image  results 
follows  from  the  analytical  determination  of  the 
attenuation  and  phase  shift  rates  for  the  prevailing 
electrical  parameters  of  the  layered  formation  (J.R. 
Walt,  Radio  Science,  April  Ih76),  (P.  PoLonge,  Peter 
Peregrlnus,  LTD.,  193?),  (D.  Hill,  Journal  of  Research 
of  the  National  Bureau  of  Standards,  Sept'-mber-October 
19*9).  This  paper  compares  the  propagation  constants 
determined  by  the  tomography  algorithm  and  analytical 
formulations  with  in-mine  geologic  mopping  results. 
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The  major  difficulty  of  evaluating  possible  practical  applica¬ 
tions  of  vector  diffraction  tomography  is  that  experimental  data 
are  still  sparse,  and  that  data  generated  involve  usually  either 
the  BORN  or  RYTOV  scalar  wave  approximations.  In  order  to  test 
the  depolaring  effects  in  electromagnetic  wave  diffraction  tomo¬ 
graphy  and  especially  for  the  inverse  problem  of  image  formation, 
oblique  incidence  on  a  circular  cylindrical  scatterer  is  investi¬ 
gated.  It  is  shown  that  reconstruction  of  the  exact  fields  at 
oblique  incidence  deteriorates  rapidly  as  the  angle  of  incidence 
deviates  further  from  normal  incidence.  And  it  is  demonstrated 
how  the  entire  copolarized  (HH  and  W)  and  cross-polarized  (HV 
and  VH)  components  must  be  carefully  integrated  into  the  image 
reconstruction  process  in  order  to  obtain  a  complete  image 
according  to  the  "span"  -  invariant.  By  analyzing  the  obvious 
but  simple  model  of  a  cylindrical  conducting  and/or  dielectric 
scatterer  at  oblique  incidence,  the  role  of  wave  depolarizing 
effects  in  image  formation  in  vector  diffraction  tomography  is 
clearly  interpreted. 
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RECENT  ADVANCES  IN  THE  DEVELOPMENT  OF  THE  PHYSICAL  OPTICS  INVERSE 
SCATTERING  THEORY  FOR  NON-SYMMETRIC,  CONDUCTING,  CLOSED  SHAPES 
THE  DEPOLARIZING  EFFECTS  FOR  THE  MONOSTATIC  AND  BISTATIC  CASES 
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Advances  made  in  the  electromagnetic  inverse  scattering  problem 
for  plane  wave  incidence  on  a  perfectly  conducting  closed, 
convex,  but  not  rotationally  symmetric  scatterer  under  the 
physical  optics  solution  are  considered  for  the  monostatic  and 
bistatic  cases. 


Using  Kennaugh's  target  ramp  response  formulation,  Kennaugh's 
formula  is  extended  to  the  bistatic  case;  and  in  order  to  account 
for  the  polarization  characteristics  of  vector  electromagnetic 
inverse  scattering  in  both  monostatic  and  bistatlc  cases, 
Bennett's  polarization  correction  to  physical  optics  is  applied 
and  extended  to  obtain  asymptotic  solutions  between  the  phase 
difference  of  the  co-polarized  and  the  co/cross-polarized 
elements  of  the  bistatic  scattering  matrix,  and  the  principal 
curvature  difference  at  the  specular  point. 


In  addition,  the  effects  of  the  torsional  term  in  the  Minkowski- 
Hurwitz  equation  of  vector  differential  geometry,  which  is 
associated  with  this  problem,  are  considered  and  the  properties 
of  Huynen's  helicity  factor  are  interpreted. 


SPHERICAL  APPROXIMATION  THEORY  OF  INVERSE  SCATTERING 
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Abstract. 

A  method  to  obtain  ike  con'figuration-of -perfect  conducting 
scacterers  is  determined.  Most  of  the  methods  addressed  to  inverse 
scattering  U3e  physical  optics  current  approximation  that  ossumeo 
the  induced  surface  current  on  the  dark  region  is  zero.  However,  . 

some  nonvanishing  current  constitutents  flow  on  the  whole  of  sentterer  . 

The  aim  of  this  investigation  is  to  treat  the  surface  wave 
traveling  on  a  three  dimensional  curved  surface  having  edges.  Scattering 
by  Inflection,  tip,  and  corner  points  were  excludod. 

We  trace  n  way  beginning  with  canonical  problems  cited  in  (l)  with 
a  different  method  introduced  here.  The  explicit  expressions  for  the 
scattering  of  rotationally  symmetric  high  frequency  fields  by  a  perfect 
conducting  spherical  sheet  are  obtained  via  surface  currents  induced  on 
the  cap.  Hie  contributions  of  various  diffraction  phenomena  to  surface 
current  arc  given  explicitly.  The  results  explain  the  contribution  of 
surface  currents  to  scattered  field  and  introduce  a  method  to  obtain 
the  configurations  of  scultcrers  and  these  results  can  be  extended  to 
obtain  source  configuration.  The  canonical  formulas  are  accompanied 
with  numerical  applications.  These  results  give  a  method  which  is 
used  .in  inverse  problems.  We  call  spherical  approximation  theory  of 
inverse  scattering  (SATIS)  the  introduced  method,  The  physical  and 
geometrical  results  were  extended  to  surfaces  including  no  inflection, 
tip,  and  corner  points  in  (2)  by  taking  into  account  the  physical 
behaviour  of  phenomena.  The  details  of  the  method  for  calculating  the 
various  constitutents  of  surface  current  and  expressing  the  bseksenttered 
field  in  terms  of  these  constitutents  are  explalnod  in  (3) . 

To  have  information  about  a  target  we  assume  that  every  point  M  on 
the  target  is  approximated  by  a  point  on  a  sphere  with  radius  a,,  since 
high  frequency  diffraction  is  a  local  phenomenon  with  respect  to  the 
postulates  of  GTD. 

The  results  based  on  the  following  theorem3’^’5: 

If  the  incident  field  m  on  observation  point  P  is  obtainable  then 
the  total  magnetic  field  which  is  radiated  by  the  source  pairs  K  and  K1 
at  P  contains*  a  (P)  unknown  tcrms'tthich  give  Sufficient  knowledge 

about  the  target  where  n  .(P)  ia  defined  as 
Q8X 

wp>-2*  pL(P)-2^KP(H)^  a) 

where 

n^x(P)-83n^lB“(M)+75n|^",0“(M)*77n^“dow(M)+62n^rk(M)+2  (2o) 


4(M>”nKP1UM(M>+4ad0W(M)+nK'?d0W(M)+nKPrk(M;  (2b> 

K  is  the  finite  number  ol  Che  roots  U  of  Ju(kaH)«0  where  ReU>0. 

The  measurements  o£  the  magnetic  field  at  the  same  point  P  with 
different  values  which  has  the  number  of  (l/2)n  (P)  of  wave  number 

k  give  the  opportunity  of  obtaining  sufficient  Knowledge  about  the 
perfect  conducting  target. 

A  method  for  target  sensing  by  surface  current  conatitutonts 
induced  on  perfect  conducting  obstacles  ia  obtained.  The  method 
determines  the  diffraction  phenomena  occured  on  the  scotturer  and 
gives  the  coordinates  of  the  points  on  surface  approximately. 
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ABSTRACT 

Satellite  imagery  interpretation,  in  situ  studies,  and 
mathematical  simulations  have  all  been  used  extensively  to  monitor 
eddies  and  infer  the  corresponding  near  surface  circulation  patterns. 
Although  these  studies  have  yielded  invaluable  information  about 
these  oceanic  features,  tracking  techniques  are  still  inadequate. 
While  m  situ  tracking  is  limited  by  the  expense-constrained  spatial 
and  temporal  gaps  in  the  data,  other  methods  utilizing  remotely 
sensed  data  are  restricted  by  their  computational  and  man-hour 
requirements  and  limited  range  of  applicability. 

A  new  feature  based  approach  is  being  developed  to 
automatically  estimate  the  advectivc  velocity  fields  for  an  eddy. 
Linear  features  arc  identified  in  each  image  and  combined  pairwise 
to  form  corners.  Hypothesis  integration,  an  artificial  intelligence 
evidence-accumulation  technique,  is  used  to  efficiently  match 
similar  corners  from  different  images,  resulting  in  tentative 
hypotheses  which  arc  clustered  in  the  transform  space.  Dense 
clusters  represent  likely  global  transforms  which  are  verified  or 
refuted;  verified  transformations  provide  an  estimate  of  feature 
movement.  The  methodology  has  been  applied  to  co-register 
images  by  matching  coastlines.  Current  research  is  focusing  on 
extending  the  algorithm  to  estimate  both  the  translational  and 
angular  velocities  of  an  oceanic  eddy  from  the  thermal  channels  of 
AVHRR  satellite  imagery.  The  new  method  is  potentially  superior 
to  correlation  methods  which  arc  more  computationally  intensive  as 
well  as  theoretically  limited  to  tracking  translational  movement. 

Keywords:  Feature  Tracking,  Feature  Detection,  Hypothesis 
Integration,  Eddy  Tracking 

INTRODUCTION 

Remotely  sensed  imagery  is  an  important  source  of 
information  for  detecting  and  monitoring  changes  in  environmental 
phenomena.  Common  applications  include  tracking  storm  systems 
by  estimating  cloud  motion,  tracking  sea  ice,  and  monitoring 
changes  in  vegetation  caused  by  deforestation.  Oceans  are  perhaps 
the  most  important  and  least  understood  link  in  the  heat  and  mass 
transfer  cycle  of  the  earth.  The  vast  expanse  of  ocean,  the 
remoteness  of  many  areas,  and  the  massive  scale  of  many  oceanic 
features  make  it  necessary  to  monitor  the  ocean  through  remote 
sensing.  Scientists  modeling  the  circulation  of  the  world's  oceans 
and  seas  need  synoptic  data  to  develop,  validate,  and  update  their 
models.  No  other  means  exists  to  obtain  data  from  many  of  the 
locations,  and  certainly  no  alternative  is  available  to  obtain  nearly 
continuous  coverage  over  such  wide  areas. 

Recently  satellite  imagery  has  been  used  in  tracking 
mesoscale  oceanic  features  such  as  eddies.  Sea-surface  advectivc 
velocity  estimates  are  obtained  from  tnermal  image  sequences  either 
entirely  by  hand  or  by  working  interactively  with  a  computer  and 
an  imaging  system  [Emery  et  al,  1986;  Vastano  and  Reid,  1985; 
Vastano  and  Borders,  1984],  Cross-correlation  can  be  used  to 


estimate  the  movement  of  an  area  by  correlating  the  intensities  of 
pixels  between  windows  in  the  images  -  the  shift  which  yields  the 
highest  correlation  is  used  to  determine  the  displacement  of  the 
feature  [Emery  et  al,  1986],  Vastano  subjectively  macks  specific 
eddy  flow  features  from  the  first  to  the  second  image  in  a 
manpower  intensive  approach.  Clearly  inappropriate  velocities  are 
removed  subjectively  for  both  approaches  The  resulting  velocity 
vectors  show  good  correspondence  when  compared  with  historical 
data  and  simultaneous  information  obtained  from  buoys.  In  a 
related  application,  both  techniques  were  found  to  be  effective  in 
estimating  sea-ice  travel  from  synthetic  aperture  radar  images 
[Vesecky  et  al,  1988]. 

Although  the  effectiveness  of  both  tracking  techniques  has 
been  demonstrated,  each  has  serious  dificiencies.  Subjective 
tracking  requires  a  high  degree  of  training,  and  the  task  is  time 
consuming  and  leads  to  inconsistent  results  --  not  only  between 
different  operators,  but  even  for  the  same  expert  in  repeated  trials 
[Comillon,  1988;  Vastano  and  Borders,  1984],  Cross-correlation 
methods  are  highly  computer  intensive  and  theoretically  limited  to 
tracking  translational  movement.  Rotational  movement  must  be 
inferred  by  applying  these  methods  in  local  windows  where 
translation  is  a  good  approximation  or  where  the  images  are  rotated 
artificially  relative  to  each  other  [Emery  et  al,  1986], 

Thus,  current  tracking  techniques  arc  inadequate  While  in 
situ  tracking  is  limited  by  the  expense-constrained  spatial  and 
temporal  gaps  in  the  data,  other  methods  utilizing  remotely  sensed 
data  are  restricted  by  their  computational  and  man-hour 
requirements  and  limited  range  of  applicability. 

METHODOLOGY 

A  new  feature  based  approach  has  been  developed  to 
automatically  estimate  advectivc  velocity  fields  from  a  temporal 
sequence  of  images.  The  approach  involves  two  stages  -  detection 
of  features  in  all  images  in  the  sequence,  followed  by  the  matching 
of  features  across  the  images.  To  increase  efficiency,  the  algorithm 
is  executed  hierarchically,  initially  at  a  reduced  resolution  to  define 
the  geographic  search  area  and  to  bracket  the  transformation  area  of 
interest  and  then  at  full  sensor  resolution  to  refine  the  estimates 
obtained  from  the  first  stage.  A  simple  land/water/cloud 
classification  scheme  is  used  to  restrict  feature  detection  to  the 
surface-type  of  interest  and  to  ignore  artificial  edges  induced  by 
ciouds.  Each  component  of  the  procedure  is  discussed  in  greater 
detail  in  the  following  sections. 

Feature  Detection  The  first  step  in  identifying  features  is  to  detect 
boundary  pixels  -  points  in  an  image  lying  on  the  border  between 
regions  (such  as  land  and  water  or  two  bodies  of  water  with 
different  temperatures.)  Several  image  processing  edge  detection 
techniques  are  appropriate  for  this  task;  the  research  reported  in  this 
paper  uses  the  Sobcl  operator  [Ballard  and  Brown,  1982],  This 
operator  convolves  two  3x3  templates  with  the  image  to  compute 
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smoothed  gradients,  any  pixels  with  significantly  large  gradients 
(exceeding  a  user-supplied  threshold;  are  passed  on  to  the  second 
step.  Besides  smoothing  the  calculated  gradients,  the  smoothing 
process  inappropriately  broadens  the  detected  edges.  Directional 
nonmaximal  suppression  is  used  to  thin  the  lines  to  an  acceptable 
single  pixel  width  before  moving  to  the  next  step  of  the  algorithm. 

Connected  boundary  pixels  are  then  combined  into  linear 
features  by  means  of  linear  regression.  The  algorithm  examines 
each  pixel  in  the  gradient  image  for  locations  which  exceed  the 
threshold.  When  one  is  found,  its  neighboring  pixels  are  compared 
with  the  threshold.  This  approach  recursively  builds  a  sequence  of 
connected  boundary  pixels.  When  no  additional  high  gradient 
pixels  can  be  added  to  the  list,  the  sequence  of  pixels  is  partitioned 
into  approximately  linear  sections  and  represented  by  a  segment 
with  a  location,  length,  and  orientation  (obtained  through  linear 
regression.)  This  step  of  the  algorithm  continues  until  all  such 
lines  in  the  image  arc  found.  Figure  2  demonstrates  the  results  of 
this  step  of  the  approach  as  applied  to  the  thermal  features 
observable  in  the  AVHRR  thermal  imagery  in  Figure  1.  Note  that 
the  number  of  pieces  of  information'  have  been  reduced  from 
hundreds  of  thousands  (262K/1.048M  pixels  in  a  512x512  and 
1024x1024  image,  respectively;  to  a  much  more  manageable  few 
hundred  'significant'  features. 

The  algorithm  then  consolidates  information  further  by 
combining  lines  pairwise  to  produce  corners.  A  corner  is  a  more 
stable  feature  for  estimating  location  than  a  line  because  line 
endpoints  often  vary,  causing  the  center  point  to  similarly  wander. 
The  location  of  the  intersection  or  extrapolated  intersection  of  two 
lines  is  known  to  be  much  more  consistent. 

Temporal  Feature  Matching  Once  linear  and  corner  features  arc 
detected  for  each  image  in  the  temporal  sequence,  the  system 
matches  the  features  across  images  using  an  artificial  intelligence 
evidence-accumulation  technique  known  as  hypothesis  integration 
(HI).  HI  is  an  efficient  matching  technique  related  to  the  Hough 
transform  and  based  on  clustering  [Hwang  ct  al,  1986;  Hwang, 
1987],  Each  matching  between  a  model  and  image  feature 
generates  a  candidate  hypothesis  -  the  transformation  required  to 
map  the  model  feature  into  the  image  location  and  orientation.  All 
such  pairwise  matchings,  one  feature  from  each  image,  define  the 
total  sample  transform  space.  The  method  assumes  mismatches 
randomly  fill  the  space,  but  matches  between  corresponding 
features  tend  to  cluster.  Consistent  (similar)  hypotheses  are 
mutually  supportive  and  thus  arc  integrated.  When  sufficiently 
many  mutuaily-supportive  hypotheses  have  been  clustered,  the 
transformation  is  verified  or  refuted  by  comparing  the  transformed 
model  with  the  image.  This  validation  stage  actually  enhances 
robustness  by  testing  transformed  model  features  against  the 
sensed  image  before  accepting  the  transformation's  validity.  The 
transformation  can  theoretically  include  translation,  rotation,  and 
scaling  dimensions,  although  a  four  dimensional  clustering 
problem  may  well  be  computationally  unmanageable. 

Hypothesis  integration  is  more  efficient  than  other  matching 
methods  -  all  possible  pairwise  matches  need  not  be  completed 
before  a  'winning'  candidate  transform  is  elected.  The  difficulty  is 
in  deciding  when  the  election  is  over  —  when  have  enough 
transforms  clustered?  One  of  tiie  extensions  of  the  research 
reported  in  this  paper  is  the  definition  of  an  appropriate  statistical 
threshold  for  distinguishing  clusters  representing  corresponding 
features  from  random  clusters.  In  this  study,  transforms  are 
weighted  by  the  length  of  their  features  under  the  assumption  that 
longer  features  arc  more  likely  to  be  detected  in  both  images.  This 
weighting,  together  with  an  assumption  of  uniformly  distributed 
edge  lengths,  allows  an  expression  for  the  probability  density  of 
the  length  contained  within  a  discretized  bin  in  the  transform  space 
to  be  determined,  and  thus  a  threshold.  Since  corresponding 
features  will  not  always  exist  in  multiple  images  due  to  sensor  and 
edge  definition  noise,  the  expected  i  eduction  in  the  number  of 
comparisons  required  cannot  be  stayed  with  certainty,  however,  the 
savings  over  a  technique  that  must  match  all  possible  pairs  is 
substantial. 

The  method  has  been  implemented  in  a  hierarchical 
framework  to  further  increase  its  efficiency.  The  entire  problem  is 
solved  twice,  once  at  lower  resolution  (nominally  reduced  from  the 


original  by  a  factor  of  four  in  each  dimension),  and  a  second  time  at 
full  resolution,  but  in  a  restricted  space.  The  knowledge  obtained 
from  the  lower  resolution  solution  allows  the  algorithm  to 
concentrate  the  feature  detection  efforts  in  geographic  regions  of 
particular  interest  and  to  similarly  focus  the  feature  matching  efforts 
in  a  narrow  transform  subspace. 

For  most  applications,  the  densest  cluster  defines  the  best 
global  transform  mapping  the  model  onto  the  sensed  image.  In  this 
eddy  tracking  application  of  hypothesis  integration,  the  noisier 
images,  volatile  thermal  features,  objects  of  uncertain  and 
fluctuating  shape,  and  erratic  irregular  background  force  the  use  of 
windows  to  determine  the  locally  optimal  transformation(s). 

RESULTS 

The  methodology  has  been  applied  to  images  obtained  from 
the  AVHRR  sensor  flying  on  the  NOAA-10  and  NOAA-11 
satellites.  Data  was  acquired  with  the  Seaspace  capture  system  and 
calibrated  and  interactively  registered  with  its  Terascan  software. 
Representative  thermal  images  and  their  associated  edges  are 
shown  in  Figs  1  and  2,  respectively.  Both  images  are  from 
NOAA-10,  captured  approximately  12  hours  apart  on  March  11 
(14:05  GMT)  and  March  12,  1989  (01:20  GMT).  The  scene  is 
located  in  the  eastern  Gulf  of  Mexico  with  Florida,  Cuba,  and  the 
Yucatan  peninsula  of  Mexico  clearly  visible  to  the  right,  lower 
right,  and  lower  left  quadrants,  respectively. 

CONCLUSIONS 

The  methodology  has  been  successfully  applied  to 
rectifying  images  by  detecting  and  matching  coastlines  as 
determined  by  a  vegetative  index.  The  hypothesis  integration 
methodology  is  being  modified  to  handle  the  third  (rotational; 
dimension  and  windowing  necessary  to  track  oceanic  eddies. 
Results  are  forthcoming.  In  addition,  other  smoothing  operators 
are  being  investigated  in  the  feature  detection  stage  of  the 
algorithm. 

Although  this  approach  has  been  applied  only  to  image 
rectification  and  eddy  tracking,  the  development  of  automated 
procedures  to  detect  and  track  phenomena  through  imagery  is  a 
general  contribution  with  potential  applications  to  a  wide  range  of 
other  remote  sensing  and  fluid  mechanics  problems.  Additionally, 
this  research  demonstrates  that  computer  vision/artificial 
intelligence  techniques  can  be  fruitfully  and  efficiently  applied  in 
remote  sensing  applications. 
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Fig  1  NOAA-10  AVHRR  thermal  images  of  the  eastern  Gulf  of  Mexico  taken  on  March  1 1  and 
March  12,  1989  at  14:05  GMT  and  01:20  GMT,  respectively.  Surface  temperatures  range  from 
about  8.5°  (dark)  and  24°  C  (light).  Clouds  appear  as  black.  The  dramatic  warm  feature  in  the 
center  of  the  images  is  the  northern  intrusion  of  the  Loop  Current. 


Fig  2  Edges  detected  in  a  subspace  of  the  images  in  Fig  1 .  Edges  were  actually  computed  on  an 
image  coarser  by  a  factor  of  4  in  each  dimension,  which  was  obtained  from  the  original  full 
resolution  image  by  median  sampling. 
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AVHRR  observations  of  the  horizontal  structure  of 
the  surface  layer  of  the  ocean  under  low  wind  conditions 


P.  FLAMENT 
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Abstract.  Diurnal  warming  layers  that  form  in  low  wind  display  coherent  horizontal  struc¬ 
tures  in  the  form  of  streaks  at  least  50  km  long,  with  a  wavelength  of  4-8  km  and  an 
amplitude  of  0.5-1 .5°C.  These  features  have  been  observed  in  the  California  Current  in 
three  different  occasions  using  a  combination  of  satellite  and  in-situ  measurements.  It  is 
hypothesized  that  their  scale  is  set  by  planetary  boundary  layer  circulations. 


1.  Introduction 

Large  diurnal  warming  of  the  surface  layer  of 
the  ocean  occurs  in  low  wind  and  low  cloud  cover 
conditions  (e.g.  Bruce  and  Firing,  1974).  The  diur¬ 
nal  amplitude  of  surface  temperature  can  then 
reach  several  °C,  over  regions  that  have  been 
shown  to  correspond  closely  to  anticyclonic  ridges 
(Stramma  et  at.,  1986;  Comillon  and  Stramma, 
1985).  In  contrast,  when  a  well-developed  wind- 
driven  mixed  layer  is  present,  the  diurnal  ampli¬ 
tude  seldom  exceeds  a  few  tenths  of  °C. 

We  present  here  1-km  resolution  AVHRR 
infrared  images  and  in-situ  CTD  profiles  that  sug¬ 
gest  the  existence  of  coherent  horizontal  structures 
in  these  warming  layers,  at  scales  of  3  to  10  km. 

2.  Satellite  images 

The  area  studied  is  shown  in  Fig.l.  An  anticy¬ 
clone  was  centered  at  135°W  40°N  during  July 
1985,  resulting  in  low  winds  off  the  coast  of  Cali¬ 
fornia.  Three  AVHRR  images  were  acquired  on  8 
and  9  July,  at  about  14:00,  19:00  and  08:00  local 
(UT-8)  time.  Band  4  (10.8  pm)  will  be  used  for  sea 
surface  temperature. 

Surface  temperature  on  8  July  at  19:00  is 
shown  in  Fig.  2.  Cold  water  due  to  coastal  upwel- 
ling  and  offshore  advection  of  coastal  water  is  seen 
in  the  east  of  the  image.  Over  most  of  the  image, 
the  temperature  field  consists  of  large  nearly  isoth¬ 
ermal  patches,  separated  by  fronts  a  few  km  wide. 
For  example,  near  [x=200,y=160]  km,  surface  tem¬ 
perature  does  not  vary  much  over  a  radius  of  -30 
km.  This  structure  is  typical  of  infrared  images  of 
the  California  Current. 


Fig.  1.  Map  of  the  area  studied,  with  the  surface  pres¬ 
sure  field  on  11  July  at  16:00  (UT-8).  Note  the  anticy¬ 
clonic  ridge  extending  southeastward  from  135°W 
40°N.  The  position  of  the  image  shown  in  Figs.  2  and  3 
is  outlined. 
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Fig.  3.  (a)  difference  between  the  images  on  8  July  at  14:00  and  at  19:00  (UT-8);  (b)  difference 
between  the  images  on  8  July  at  19:00  and  on  9  July  at  08:00  (UT-8).  Differences  smaller  than 
0.3°C  are  white;  larger  differences  are  shown  in  gray. 


However,  a  very  different  structure  is  seen  in 
the  northwest  of  the  image.  In  that  area,  surface 
temperature  varies  rapidly,  and  displays  numerous 
streaks  ~50  km  long  with  a  typical  wavelength  of 
5-6  km  and  amplitude  of  0.5  to  1°C.  They  are 
most  clearly  seen  near  [x=80,y=90]  km.  They  seem 
to  align  preferentially  along  the  streamlines  of  the 
mesoscale  flow.  These  streaks  are  also  seen  in  the 
preceding  and  following  images,  but  seem  most 
intense  in  the  image  shown.  Although  they  are 
visually  reminiscent  of  clouds,  they  are  not  clouds: 
the  difference  between  brightness  temperatures  at 
3.7  pm  and  10.8  pm  was  negligible,  unlike  clouds 
which  have  a  smaller  emissivity  (0.7)  at  3.7  pm. 

Fig.  3  shows  the  differences  between  the  14:00 
and  19:00  images,  and  between  the  19:00  and  08:00 
images.  Over  the  center  and  east  of  the  images,  the 
differences  are  very  small.  They  are  less  than 
0.3°C,  except  near  fronts  where  advection  dom¬ 
inates.  Over  the  area  of  the  streaks,  however,  the 
signature  of  a  large  diurnal  warming  event  is 
clearly  seen,  with  differences  of  the  order  of  0.5  to 
1.3°C  between  pairs  of  images  and  a  decrease  of 
temperature  from  the  afternoon  image  to  the 
morning  image. 


3.  In-situ  measurements 

Two  weeks  after  these  images,  we  had  the 
opportunity  to  sample  diurnal  warming  layers 
from  ship.  The  wind  was  less  than  1  m/s  and  the 
sea  surface  was  glossy.  On  25  July  at  23:00,  our 
attention  was  caught  by  periodic  variations  of 
intake  temperature  while  steaming  at  about  2.5 
m/s.  A  mixed-layer  drifter  drogued  at  5  m  was 
deployed  and  a  3-hour  survey  was  conducted 
along  the  track  shown  in  Fig.  4.  The  position  of 
this  survey  is  [x=260,y=200]  km  in  Fig.  2.  The 
motion  of  the  drifter  corresponded  to  a  mean  flow 
less  than  10  cm/s,  indicating  that  the  area  was  not 
in  a  jet  or  mesoscale  front. 

Fig.  5  shows  surface  temperature  and  salinity 
at  50  cm  depth,  measured  at  an  intake  on  the  side 
of  the  ship.  Salinity  was  virtually  constant  through 
the  survey,  but  temperature  varied  between  14.9 
and  15.7°C,  with  features  identifiable  at  scales  of  2 
to  8  km.  There  is  a  clear  symmetry  at  the 
southeast  turning  point  of  the  survey,  suggesting 
that  the  temperature  variations  were  the  expres¬ 
sion  of  streaks  running  northeast  to  southwest. 

A  CTD  was  yow-yoed  between  the  surface 
and  40  m  depth  during  the  survey.  Using  a  winch 
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Fig.  4.  Ship  track  over  ground  on  25  July  at  23:00 
(UT-8).  The  origin  is  at  122°20W  35°45N. 


rate  of  about  40  cm/s,  80  vertical  profiles  were 
obtained.  The  profiles  at  km  1  and  km  5  are 
shown  in  Fig.  6;  the  other  profiles  were  in  all 
aspects  similar.  Both  profiles  reveal  a  "fossil" 
mixed-layer  about  29  m  deep,  capped  by  a  near¬ 
surface  restratification.  The  amplitude  of  the 
restratification  varied  between  0.3  and  1.3°C  and 
its  thickness  between  3  and  8  m.  Salinity  was  con¬ 
stant  from  the  surface  to  29  m  (the  small  salinity 
anomaly  near  the  surface  is  caused  by  inappropri¬ 
ate  matching  of  the  conductivity  and  temperature 
cell  responses;  it  is  not  real). 


Fig.  5.  Surface  temperature  and  salinity  sampled  along 
the  ship  track,  as  a  function  of  distance  run.  The  turn¬ 
ing  points  are  shown  by  dashed  lines. 


Fig.  6.  Temperature  and  salinity  profiles  at  approxi¬ 
mately  1  km  (solid)  and  5  km  (dashed)  distance  run. 


4.  Conclusion 

We  have  shown,  using  a  combination  of  satel¬ 
lite  images  and  CTD  profiles,  that  diurnal  warm¬ 
ing  layers  display  coherent  horizontal  structures  in 
the  form  of  streaks  at  least  50  km  long,  with  a 
wavelength  of  4-8  km  and  an  amplitude  of  0.5- 
1.5°C.  Although  the  survey  was  located  200  km  to 
the  southeast  of  the  streaks  seen  in  the  images  and 
was  conducted  2  weeks  later,  we  have  all  reasons 
to  believe  that  the  features  observed  were  similar, 
given  the  steadiness  of  weather  patterns  during 
this  period. 

We  have  identified  two  similar  events  from 
satellite  images  and  mooring  data  in  April  1982 
and  in  July  1988,  which  will  be  documented  in  a 
forthcoming  paper.  The  coherent  streaks  appear 
quite  common  under  low  wind  conditions  in  the 
California  Current. 

What  processes  may  be  responsible  for  these 
variations  of  surface  temperature?  The  4  to  8  km- 
wavelength  scale  of  the  streaks  seems  inconsistent 
with  processes  involving  the  upper  ocean  alone 
(i.e.  Langmuir  cells,  interfacial  waves,  convective 
cells),  which  would  scale  with  the  mixed-layer 
thickness.  Rather,  this  scale  points  to  a  coupling 
between  the  ocean  and  the  planetary  boundary 
layer,  which  may  have  a  thickness  of  the  order  of 
a  kilometer. 


322 


Helical  circulation  rolls  occur  frequently  in 
planetary  boundary  layers  (Brown,  1980).  In  gen¬ 
eral,  they  derive  their  energy  from  a  combination 
of  convective  forcing  and  instability  of  the  vertical 
shear.  Their  wavelength  is  typically  2  to  4  times 
the  boundary  layer  thickness.  Assuming  pre¬ 
existing  rolls  in  the  atmospl  are,  the  surface  wind- 
stress  is  maximum  underneath  the  axes  of  the  rolls 
and  minimum  at  the  stagnation  lines  between 
adjacent  rolls.  Two  scenarios  are  possible. 

If  surface  temperature  is  principally  governed 
by  one-dimensional  entrainment  of  a  warm  surface 
layer,  cold  anomalies  will  form  underneath  the 
axes  of  the  atmospheric  rolls  and  temperature 
streaks  at  one-half  the  wavelength  of  the  rolls  will 
appear.  On  the  other  hand,  if  surface  temperature 
is  principally  governed  by  convergent  and  diver¬ 
gent  advection  of  a  thin  warm  surface  layer,  cold 
anomalies  will  form  underneath  the  divergent 
stagnation  lines  and  temperature  streaks  at  the 
wavelength  of  the  rolls  will  appear. 

Since  the  cold  (divergent)  lines  form  under¬ 
neath  the  downdrafts  and  the  warm  (convergent) 
lines  form  underneath  the  updrafts,  the  second 
scenario  leads  to  an  interesting  feed-back  mechan¬ 
ism  further  enhancing  the  atmospheric  cells.  Thus 
it  is  possible  that  the  streaks  are  ultimately  caused 
by  a  coupled  ocean-atmosphere  instability,  without 
the  need  for  pre-existing  circulations.  This  conjec¬ 
ture,  of  course,  will  have  to  be  tested  by  a  pur¬ 
posely  designed  experiment. 
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ABSTRACT 

Digital  images  representing  the  oceanic  upper  mixed  layer  dentil 
in  the  vicinity  of  the  Sargasso  Sea  have  been  generated  from  visible, 
near  infrared,  thermal  infrared  and  microwave  radiometers  on  board 
NOAA  7,  8  and  Nimbus  7  satellites.  Construction  of  such  images 
requires  a  mixed  layer  remote  sensing  model,  radiometric  calibration 
and  correction,  geometric  rectification,  and  registration  of  each  image 
to  a  common  grid.  The  mixed  layer  thermal  inertia  model,  developed 
by  Yan  ct  al.  (1988)  and  used  in  the  construction  of  the  mixed  layer 
depth  images,  requires  specification  of  the  diurnal  sea  surface  tem¬ 
perature  range,  sea  surface  wind  spend  and  surface  albedo.  Our  com¬ 
puted  values  of  mixed  layer  depths  arc  in  closed  agreement  with  the 
data  from  the  LOTUS  mooring  deployed  by  Woods  Hole  Occanogr- 
pliic  Institution  in  the  Sargasso  Sea.  The  mixed  layer  depth  images 
provide  complementary  information  to  conventional  modeling  and 
experimental  observations  for  analyzing  the  spatial  and  temporal 
variability  of  mixed  layer  depths  in  the  Sargasso  Sea.  This  leads  to 
a  better  understanding  of  the  present  state  of  development  of  mixed 
layer  lemote  sensing  models,  and  provides  valuable  input  for  the  de¬ 
velopment  of  new  remote  sensing  models  of  the  oceanic  mixed  layer 
intended  for  climate  studies  and  for  describing  the  structure  of  the 
upper  ocean. 

1.  Introduction 

The  ocean  suiface  layer  receives  thermal  energy  from  the  ab¬ 
sorption  of  solar  and  sky  radiation  and  loses  thcrmalenergy  by  back 
radiation  (longwave),  evaporation,  and  sensible  heat  exchange  at  the 
air-sea  interface.  The  net  difference  between  these  heat  gain  and  heat 
loss  terms  is  usually  small  compared  to  any  one  of  the  individual 
terms-that  is,  the  heat  budget  for  the  near  surface  layer  is,  for  most 
part,  in  near  balance.  However,  this  relatively  small  excess  gain  or 
loss  of  heat  contributes  significantly  to  the  dynamics  of  circulation 
in  the  upper  layers  of  the  ocean  and  in  the  atmosphere.  The  net  gain 
or  loss  of  heat  at  a  given  location  and  a  given  time  results  in  a  rate  of 
change  in  heat  storage  in  the  near  surface  layers,  with  a  consequent 
change  in  the  temperature  and/or  the  thickness  of  the  upper  mixed 
layer,  lit  at  is  advccted  and  diffused  away  from  regions  having  a  long 
term  not  gain  in  thermal  energy  through  the  air-sea  interface  toward 
regions  having  a  long  term  net  heat  loss  through  this  interface,  and 
this  process  is  a  major  conti  ibutor  to  the  large  scale  thcrmo-haline 
circulation  in  the  oceans,  and  also  contributes  a  significant  part  of 
the  transfer  of  heat  from  equatorial  regions  to  the  high  latitude  re¬ 
gions  of  the  woild  oceans.  The  exchange  of  thermal  energy  between 
the  upper  mixed  layer  of  the  ocean  and  the  atmosphere  thus  con¬ 
tributes  significantly  to  the  coupled  ocean-atmosphere  heat  engine, 
auu  unisequuillj  ill  tuln  to  large  SCcwC  changes  in  WOatliOr  pattCinS 
Therefore,  studies  of  the  thermal  structure  of  the  surface  layers  of 
the  oceans,  the  processes  which  occur  in  this  boundary  layer,  and 
the  exchange  of  heat  and  momentum  between  the  ocean  and  the 
atmosphere  arc  of  considerable  importance. 

The  response  of  the  upper  ocean  to  the  vertical  fluxes  of  heat 
and  momentum  at  the  surface  has  been  studied  by  many  authors 
(c.  g.  Clancy,  et  al.,  1983,  Davis,  et  al.,  1981,  Denman,  1973, 
Kraus,  ct  al.,  1970,  Mcllor,  et  al.,  1974,  Niiler,  et  al.,  1977,  Price,  et 
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al.,  1980)  and  has  resulted  in  two  distinct  types  of  one  dimensional 
mixed  layer  models.  One  type,  known  as  an  integral  model,  assumes 
that  the  actively  mixing  upper  layer  is  homogeneous.  Solutions  are 
obtained  from  energy  balance  considerations  in  this  uniformly  well 
mixed  layer.  The  second  type,  generally  known  as  a  turbulence  clo¬ 
sure  model,  uses  a  complete  set  of  turbulence  and  thermal-dynamic 
equations  to  predict,  over  diurnal  and  longer  time  scales,  the  details 
of  thermal  and  velocity  structure  in  the  upper  ocean  from  oceanic 
boundary  conditions.  The  disadvantage  of  such  a  model  is  the  con¬ 
siderable  time  consumed  in  computation.  The  tests  of  these  models 
are  based  on  large  numbers  of  conventional  field  measurements.  For 
example,  the  traditional  ocean  thermal  data  base  consists  of  approxi¬ 
mately  1500  ship  injection  or  bucket  temperature  measurements  and 
150  XBT  measuicmcnts  per  day  in  the  northern  hemisphere  (Clancy, 
et  al.,  1983). 

The  remote  sensing  of  sea  surface  temperature  from  satellites  of¬ 
fers  climate  researchers,  oceanographers  and  atmospheric  circulation 
modelers  a  very  powerful  source  ol  data  with  which  to  monitor  and 
study  the  global  climate  system  and  its  two  main  components:  the 
ocean  and  the  atmosphere.  A  number  of  authors  have  investigated 
the  various  models  of  satellite-derived  sea  surface  temperature,  In 
the  absence  of  cloud  cover,  the  SST  derived  from  remote  sensing  tech¬ 
niques  now  has  attained  an  accuracy  of  about  0.1°K  rms  when  com¬ 
pared  to  surface  ship  observations  (McClain,  et  al.,  1985).  Satellite 
images,  with  their  large  aerial  coverage  at  short  sampling  intervals, 
bridge  the  spatial  and  temporal  gaps  between  hydrographic  surveys 
and  moored  instruments.  However,  calibration  problems,  cloud  con¬ 
tamination,  the  large  quantity  of  data  and  difficulty  in  obtaining 
satellite  data  have  frequently  limited  its  use  to  only  qualitative  or 
seini-qualitative  descriptions  of  physical  properties.  Although  satel¬ 
lite  sensors  are  routinely  used  to  acquire  information  at  all  levels 
in  the  atmosphere,  in  the  ocean,  observations  have  been  restricted 
to  surface  parameters  except  in  some  coastal  areas.  Therefore,  the 
new  challenge  is  to  develop  quantitative  techniques  for  extrapolating 
satellite  derived  surface  characteristics  to  infer  subsurface  oceanic 
conditions  through  a  combination  of  these  satellite  derived  observa¬ 
tions  and  modeling. 

The  oceanic  upper  mixed  layer  depth  (MLD)  is  an  important 
physical  property  in  the  studies  of  upper  ocean  dynamics.  There  is 
as  yet  no  method  for  the  direct  remote  sensing  assessment  of  the 
oceanic  upper  mixed  layer  depth  and  of  the  pattern  of  its  evolution. 
However,  the  development  of  an  upper  ocean  thermal  inertia  model 
designed  to  predict  the  thermal  inertia  of  the  mixed  layer  using  satel¬ 
lite  imagery  may  provide  useful  information  for  the  estimation  of  the 
diurnal  MLD.  The  aim  of  this  study  is  to  develop  a  mixed  layer  ther¬ 
mal  inertia  theory  which  will  help  in  the  development  of  a  quanti¬ 
tative  remote  sensing  approach  (model)  for  prediction  of  subsurface 
information  and  for  study  of  the  upper  ocean  dynamics.  Based  on 
this  remote  sensing  approach,  diurnal  mixed  layer  depth  maps  and 
thermal  inertia  maps  are  generated,  allowing  the  study  of  the  tem¬ 
poral  evolution  of  the  spatial  patterns  of  the  upper  ocean  diurnal 
mixing  piocesses  in  the  Northwest  Sargasso  Sea. 

2.Mixed  Layer  Thermal  Inertia  Thcoty  and  Model 

Fundamentally,  the  principle  of  the  mixed  layer  thermal  inertia 
(MLTI)  model  depends  on  the  fact  that  the  diurnal  sea  surface  tem¬ 
perature  fluctuations  (5SST)  arc  primarily  a  function  of  the  thermal 
inertia  of  the  mixed  layer  and  mixed  layer  thickness  (diurnal  average 
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thickness),  the  jul.u  metcoiolugical  conditions  (wind  stress,  mainly ), 
heat  flux,  and  physical  characteristics  of  the  sea  surface  (reflectance 
and  albedo  etc.).  The  value  of  <5SST  can  be  determined  from  satel¬ 
lite  thermal  infrared  imagery,  albedo  can  be  calculated  from  satellite 
broad-band  visible  and  near-infrared  imagery,  wind  speed  can  be 
obtained  fiom  satellite  microwave  ladiometcr  imagery  and  heat  flux 
can  be  estimated  using standaid  simplified  method.  Given  these  pa¬ 
rameters,  it  is  possible  to  dctciminc  the  thermal  iucltia  and  diurnal 
mixed  layer  thickness. 

a.  Theory 

Thermal  inertia  involves  the  temperature  response  of  a  body 
subject  to  a  time-varying  thermal  energy  flux  at  a  surface  (Price, 
1977).  Thus,  if  the  surface  heat  flux  is  given  by  Q  cos  ut  (Q:  the 
amplitude  of  heat  flux,  w.  frequency,  t:  time),  then  the  difference  in 
maximum  and  minimum  values  of  the  temperature  at  the  surface  is 
calculated  to  be  (Price,  1977): 


6T  =  2- 


Q 


(M1/J<V 


(1) 


where  k  is  the  diffusivity,  />  is  the  density,  Cp  is  the  heat  capacity. 
We  now  define  (A1)1^  Cpp  as  thermal  inertia: 


( TI)s(k)l'2CpP 


Then  (1)  become: 
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It  is  evident  Torn  (3)  that  thermal  inertia  is  a  measure  of  the 
thermal  response  of  a  system  to  a  time- varying  thermal  input  at  the 

S"r  The  same  concept  can  be  applied  to  the  ocean.  As  an  analogy, 
we  write: 


(TV)  =  ( 
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Where  C  is  a  dimensionless  coefficient.  The  unit  of  thermal 
inertia  is  Joule  m-Jscc-1fJ A'-1  .  The  physical  significance  of  this 
unit  is  that  it  is  also  approximate  to  a  scale  of  heat  flux  per  unit  of 
temperature  change.  Thermal  inertia  (TI)  is  related  to  the  depth  of 
the  influence  of  surface  input,  D  as  (Carslaw  and  Jaeger,  195G): 


//.\  '/2 
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This  suggests  that  there  should  be  a  linear  relationship  between 
thermal  inertia  and  the  mixed  layer  depth  (MLD). 

In  mechanics,  inertia  is  a  measure  of  the  resistance  of  a  sub¬ 
stance  to  a  change  in  its  motion.  Similarly,  the  thermal  inertia  of 
the  mixed  layer  is  a  measuie  of  the  resistance  of  the  water  body  to 
a  change  in  its  temperature  resulting  from  heat  gain  and  loss  across 
the  sea  surface  and  fiom  mixing  processes.  In  other  words,  the  ther¬ 
mal  inertia  of  the  uppei  ocean  involves  the  temperature  response  of 
the  water  in  the  mixed  layer  subjected  to  a  time- varying  energy  flux 
heat  and  momentum  at  the  water  surface.  The  concept  of  thermal 
inertia  is  very  similar  to  that  of  heat  capacity  in  solid  bodies,  al¬ 
though  the  diffusion  processes  in  solids  are  molecular  (much  smaller 
compared  with  turbulent  diffusion  in  the  ocean).  This  means  that  if 
a  substance  has  a  large  heat  capacity,  it  usually  has  a  large  thermal 
inertia  and  a  small  range  of  tcmpciatuic  changes.  In  the  ocean,  since 
the  spatial  and  temporal  changes  in  heat  capacity  and  density  of  sea 
water  are  relatively  small,  the  thermal  inertia  is  determined  primar¬ 
ily  by  the  spatial  and  temporal  changes  of  the  turbulent  mixing  (or 
eddy  diffusion)  coefficient,  the  k  may  vary  largely  in  time  and  space 
along  with  the  turbulent  mixing  processes.  The  square  root  of  the 
turbulent  mixing  coefficient  has  length  to  the  first  power  as  one  of  its 
dimensions  This  explains,  in  part,  why,  in  areas  of  the  ocean  where, 
on  a  diurnal  time  scale,  advectivc  changes  in  temperature  are  small, 
thermal  inertia  has  a  high  correlation  with  mixed  layer  depth. 

The  expression  (l)shows  that  the  thermal  inertia  of  the  mixed 
layer  is  piopoiliunal  to  the  amount  of  solai  energy  absoibcd  by  the 


surface  layer,  and  inversely  proportional  to  the  diurnal  sea  surface 
temperature  difference.  The  former  term  mentioned  above  in  turn 
is  sensitive  to  the  sea  water  turbidity  and  surface  albedo,  and  the 
latter  term  (5SST)  is  controlled  mainly  by  the  turbulent  mixing  pro¬ 
cesses  (in  mid  ocean,  wind  mixing  mainly).  For  example,  if  the  heat 
flux  at  the  surface  (Q)  increases  while  the  sea  surface  temperature 
range  (dSST)  remains  unchanged,  this  means  that  the  thermal  iner¬ 
tia  of  the  water  column  is  increased  and  that  there  must  have  been  a 
strong  surface  wind  stress  which  mixed  the  thermal  energy  down  to  a 
certain  depth.  When  the  heat  flux  is  unchanged,  the  thermal  inertia 
and  the  mixed  layer  depth  arc  inversely  proportional  to  the  diurnal 
temperature  range  of  the  mixed  layer.  This  is  consistent  with  the 
definition  of  thermal  inertia  and  with  many  observations  (c.g.  Price 
ct  al.,  1986). 

The  reasons  that  we  introduced  the  thermal  inertia  concept  into 
the  studies  of  oceanic  upper  mixed  layer  dynamics  are  two  fold.  First, 
we  found  that  heat  capacity  docs  not  provide  an  accurate  description 
of  the  nature  of  temperature  changes  in  the  upper  ocean  as  it  docs  in 
the  terrestrial  cases,  for  sea  water  is  to  be  considered  as  constant  in 
the  most  of  time,  while  in  some  ocean  regions,  diurnal  temperature 
difference  are  large  and  in  other  regions  small.  The  thermal  inertia  of 
the  upper  ocean  such  defined,  however,  can  provide  a  better  descrip¬ 
tion  of  the  nature  of  SST  changes  in  a  diurnal  scale.  Second,  if  wo 
can  map  mixed  layer  thermal  inertia  using  satellite  data,  there  will 
be  many  important  applications.  The  most  obvious  example  is  wo 
can  map  diurnal  mixed  layer  depth  by  remote  sensing.  In  this  study, 
mixed  layer  thermal  inertia  (MLTI)  models  have  been  developed  to 
estimate  the  thermal  inertia  of  the  mixed  layer  using  satellite  data. 


b.  Model 

The  diffusion  coefficient,  heat  capacity,  and  density  of  the  sea 
water  in  the  mixed  layer  arc  not  measurable  directly  by  remote  sens¬ 
ing.  Nor  is  the  thermal  inertia,  but  it  can  be  inferred  from  measure¬ 
ments  of  the  temporal -ire  change  of  sea  surface  water  combined  with 
a  consideration  of  all  the  heating,  cooling  and  atmospheric  forcing 
processes  which  occur  at  the  air-sea  interface.  The  main  purpose  of 
the  MLTI  model  is  to  express  the  thermal  inertia  and  the  mixed  layer 
depth  as  functions  of  the  quantities  which  can  be  measured  directly 
or  indirectly  by  available  satellite,  i.c.,  6SST,  wind  speed  and  surface 
albedo. 

The  simulation  of  the  surface  and  near  surface  temperature 
structure  is  performed  by  analysis  of  the  boundary  conditions  of 
an  upper  mixed  layer  of  thickness  approximately  equal  to  the  pen¬ 
etration  depth  of  the  diurnal  temperature  wave  or  diurnal  trapping 
depth.  Conduction  and  diffusion  processes  in  the  upper  ocean  which 
control  the  behavior  of  the  temperature  distribution  of  the  upper 
ocean  take  the  form  of  the  conservation  law: 


OT 
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where  T  is  the  sea  water  temperature,  Aq  is  the  thermal  dif¬ 
fusivity,  A’„  and  A-/,  are  vortical  and  horizontal  turbulent  diffusion 
coefficients,  t  is  time,  u„,  va  and  iu„  arc  the  x,  y,  z  components  of  an 
advcction  current  and  I  is  the  downward  flux  of  solar  radiation,  I(z). 

The  studies  of  Camp  and  Elsbcrry  (1978),  Haney  (1980)  and 
others  suggest  that  on  shorter  time  scales  (days  to  weeks),  vertical 
mixing  is  the  dominant  process  governing  the  response  of  the  upper 
ocean.  Since  the  Mixed  Layer  Thermal  Inertia  (MLTI)  model,  like 
all  boundary  layer  models,  is  essentially  one  dimensional,  and  since 
we  are  concerned  only  with  the  upper  ocean’s  relatively  short  time 
scale  response  (c.g.  diurnal),  and  since  the  Sargasso  sea  is  a  rela¬ 
tively  quiescent  region,  we  can  neglect  the  advcction  and  horizontal 
diffusion  of  all  quantities  (i.e.  all  terms  that  involve  A'x,ua,ea  and 
u>a).  This  does  not  imply  that  lateral  gradients  are  unimportant.  It 
does  mean,  however,  that,  diurnal  variati  ms  in  Ike  thermal  structure 
of  the  upper  layer  produced  by  horizontal  advcction  and  horizon¬ 
tal  diffusion  are  assumed  to  be  much  smaller  than  those  produced 
by  vertical  fluxes.  The  molecular  thermal  diffusion  process  is  much 
smaller  than  t-  .oiilcnt  mixing  processes.  Therefore,  the  term  with 
could  also  be  dropped. 

Because  the  parameterized  is  dependent  on  Richardson  num¬ 
ber  and  turbulent  kinetic  energy,  (i.e.,  velocity  shear  dependent),  to 
complete  the  model  it  is  necessary  to  include  the  momentum  conser¬ 
vation  equations. 

It  is  well  known  that  and  do  not  have  unique  values  and  that 
they  vary  by  many  orders  of  magnitude  in  space  and  time.  Hence, 
a  suitable  time  and  space  dependent  parameterization  is  necessary. 
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III  out  ML1I  model  L 1  to  luibuluiit  vciticul  diffusion  coefficients  arc 
palwiuctciizcd  using  the  method  suggested  bj  Mcllor  and  lainada 
(1974)in  then  level  2  scheme.  We  chose  Mellot  and  Vamada's  param¬ 
eterization  lo  use  in  tin-  MI.l  I  model  foi  Uo  icasons%  first,  because 
it  is  a  L  tbeol.v  scheme,  which  is  icquiied  by  the  MI.TI  model.  Most 
bulk  ui  niLc-ginl  model  schemes  do  not  have  a  direct  dependence  on  k, 
(c.g.  Clancy,  et  ah,  1983,  Denman,  ct  ah,  1973,  Kraus,  ct  ah,  1976, 
Killer,  ct  ah,  1977,  1’nce,  el  ah,  198GJ.  Second,  because  it  has  been 
widely  used  and  successfully  tested,  and  it  is  a  part  of  the  opera¬ 
tional  forecasting  sv  stein  10PS  ( liter  mod  vnauiic  Ocean  Prediction 
System  [see  Clancv  ct  ah,  1983)).  The  main  problem  associated  with 
using  such  a  parameterization  in  remote  sensing  models  is  that  it  is 
time  consuming.  Although  the  Mellor  and  Vamada's  parameteriza¬ 
tion  is  not  entirely  salisfactoiy,  the  possible  lcplacciiicnt  for  it  would 
be  either  a  moic  complex  and  time  consuming  higher  order  turbulent 
closure  model  or  a  procedure  based  on  Price’s  (19S6)  scheme. 

To  solve  equation  (6)  for  the  surface  tcmperatuie,  which  can 
be  measured  by  remote  sensing,  we  require  a  form  of  the  solution 
appropriate  to  the  diffusion  equation  and  the  boundary  conditions. 
The  major  modeling  problem  is  in  parameterization  of  turbulent 
mixing  and  ill  defining  the  terms  in  the  upper  boundary  conditions 
the  wind  stress  and  heat  flux  acioss  the  air-sea  interface.  We  can  not 
simply  use  in  situ  (LOTI’S)  measured  Q  in  our  remote  sensing  model, 
because  one  image  covers  about  20  degrees  of  latitude  and  because 
Q  changes  greatly  from  northern  upper  end  to  southern  lower  end  of 
tlie  images.  Therefore,  it  is  necessary  to  define  each  term  carefully 
in  order  to  estimate  heat  (lux  from  place  to  place  for  remote  sensing 
modeling.  In  this  version  of  our  model  we  have  tried  to  use  simple 
formulations  for  the  various  terms,  based  on  various  theoretical  and 
empirical  expressions  available  in  the  lileiaturc.  The  lower  boundary 
condition  is  that  the  tcmperatuie  is  constant  at  some  depth,  z  =  d, 
where  T  (d,t)  =  i<t-  The  uppei  (surface)  boundary  condition  is  based 
on  an  assumption  that  a  heat  balance  condition  nearly  exists  at  the 
suifaco.  The  incoming  heat  fluxes  the  leflc-Uion  collected  incident 
solar  radiation  and  sky  ladiation  must  nearly  balance  the  outgoing 
fluxes  the  sensible  heat  flux  in  the  air-sea  intci face,  the  latent  heat 
flux  in  the  aii-soa  inteiface  and  the  long  wave  radiation  emitted  in 
the  sea  surface.  ,  , 

lor  the  surface  boundary  conditions  of  momentum  equations, 
the  wind  stiess  should  be  stipulated.  I'or  the  simulation  of  the  near 
suiface  and  upper  lnyei  metcoiological  and  oceanographic  processes 
dunng  LOTUS,  the  initial  conditions  of  the  temperature  and  veloe 
ity  fields  weie  obtained  fioni  a  lineal  interpolation  of  the  LOTUS 
mooting  data  at  depth  of  0.C,  5,  10,  15,  25,  50,  75,  100  in  on  May  13, 
19S2  with  a  constant  wind  stress  equal  to  that  at  the  starting  point. 

The  non-linear  form  of  the  boundary  condition  prevents  a  direct 
analytical  solution  of  the  governing  equation.  An  exact  numerical  so¬ 
lution  can  be  calculated.  However,  the  difficulty  of  illustrating  the 
physical  significance  of  terms  and  the  computer  CPU  time  costs  all 
provide  incentives  for  investigating  less  accurate  but  acceptable  al¬ 
gorithms.  The  procedure  for  generating  (or  running)  a  MLT1  model 
is  to  develop  a  simulation  procedure  which  predicts  the  value  of  ther¬ 
mal  inertia  and  mixed  layer  depth  as  a  function  of  albedo,  diurnal 
SST  fluctuation  ((SSI)  the  meteorological  condition  (wind  stress 
and  heat  flux).  The  two  methods  of  simulation  we  used  arc  Fourier 
series  and  finite  difference  algorithms. 

The  Fourier  senes  method  of  handling  the  non-linear  boundary 
condition  is  to  linearize  it  and  to  express  the  solution  to  this  condition 
in  an  exact  form  as  an  infinite  Fourier  series.  The  linearization  is 
achieved  by  pcifoiiiiiiig  a  Tayloi  seiies  expansion  of  SSI  around  the 
sky  tcmperatuie  and  discarding  quadiatic  and  liighcr  order  terms. 
A  majoi  advantage  of  the  Touuei  senes  method  is  that  it  provides 
an  analytical  solution  which  can  be  computed  rapidly  compared  with 
finite  difference  algoulhius.  However,  it  is  limited  since  it  is  necessary 
to  liiicaiizc  all  the  uppei  boumlaiy  conditions  in  terms  of  SST  in 
order  to  obtain  a  solution  foi  the  temperature  and  also  since  it  Is 
necessary  to  make  several  additional  assumptions  to  simplify  the 
problem.  The  details  of  this  method  and  its  applications  have  been 
discussed  by  Yan  el  al  (1989). 

The  finite  difference  procedures  arc  more  flexible  in  handling  a 
wider  range  of  boundary  conditions  and  complex  subsurface  thermal 
properties,  but  are  inherently  extravagant  in  computing  time.  This 
method  requires  solving  the  heat  flow  equation  by  differential  equa¬ 
tions  and  then  numerically  integrating  forward  in  time.  The  result 
gives  the  temperature  of  sea  water  as  a  function  of  time  and  depth. 
In  practice,  a  two-time  step  finite  difference  technique  is  used.  At 
t=0  ,  an  initial  tempeiature  piofile  is  specified.  A  veiticalgrid  of  one 
meter  increments  fioiu  the  surface  to  the  dejith,  d,  is  used.  For  each 
subsequent  time  step,  art  iteialion  can  be  pei formed  to  determine  the 
coefficient  k.  The  tcmpeialuie  foi  the  next  time  step,  t-1,  is  then 
computed  for  each  step  in  z  fiom  the  finite  difference  approximation 
of  cquation(O).  The  complete  set  of  solutions  was  obtained,  i.  c.,  the 


temperature  measurements  were  determined  as  aTunction  of  depth 
and  time,  llascd  on  these  solutions,  a  table  was  generated  providing 
a  calibration  measurement  with  a  known  value  of  thermal  inertia, 
mixed  layer  depth  and  a  given  set  of  environmental  factors  (wind 
sltess,  surface  albedo  etc.).  The  procedure  to  construct  a  reference 
table  is  straightforward.  The  diurnal  average  mixed  layer  depth  and 
diurnal  temperature  difference  can  be  retrieved  from  these  profiles. 
Model  simulation  condition  is  given  and  the  thermal  inertia  is  known 
(from  the  model).  The  inverse  procedure  is  then  used  to  express  the 
thermal  inertia  and  mixed  layer  depth  (diurnal-average  depth)  as 
functions  of  the  diurnal  temperature  difference,  wind  stress  and  sur¬ 
face  albedo.  To  complete  the  table,  it  is  required  to  run  the  model 
over  a  complete  set  of  all  possible  ranges  of  the  boundary  conditions. 
The  initial  conditions  used  by  the  model  which  generates  a  look  up 
table  for  image  processing  is  a  specified  profile  with  a  generally  ex¬ 
ponentially  decreasing  temperatures.  It  should  be  mentioned  here 
that  although  flic  look-up  table  only  includes  three  variables  (ASST, 
wind  stress  and  albedo),  it  docs  not  mean  that  other  variables  arc 
not  important.  It  does  mean  that  (SST,  wind  stress  and  albedo  were 
determined  from  satellite  data,  while  other  variables  such  as  solar  ra¬ 
diation,  air  temperature  and  humidity  etc.,  were  estimated  in  other 
ways  by  Yan  cl  al.  (19S8).  It  may  be  possible  in  the  future  to  use 
remotely  sensed  ,  and  other  terms  in  the  heat  flux  equation  in  the 
model  whenever  they  are  available. 

3.  Image  Processing 

Application  of  the  model  results  to  the  data  from  the  meteoro¬ 
logical  satellite  NOAA  AVI  IRK  (visible,  near  -infrared  and  thermal 
infrared)  and  Nimbus-7  SMMR  (niicrowavc)  permits  the  construc¬ 
tion  of  mixed  layer  depth  image  maps  and  thermal  inertia  image 
maps.  Dricfly,  mixed  layer  depth  images  and  thermal  inertia  im¬ 
ages  arc  produced  by  the  following  procedures  (Van,  ct  al.,  1988). 
Day-time  and  night  time  tcmperatuie  images  aremade  from  thermal 
infrared  radiance  data  acquired  by  NOAA7  and  NOAA8  AVI  I  It  It 
sensors.  The  data  arc  rectified  to  account  for  such  systematic  effects 
as  instrument  optics,  viewing  geometry,  and  platform  motion. 

A  similar  procedure  is  followed  to  produce  wind  speed  and  albedo 
images.  Tlie  images  are  registered  to  the  standard  grid.  Next,  a 
day-night  SST  difference,  (SST  is  made  by  subtracting  the  night¬ 
time  image  values  from  tlie  daytime  values,  on  a  pixel  by  pixel  basis. 
The  MI.TI  model  is  run  repeatedly  to  generate  a  reference  table  of 
thermal  inertia  values  as  a  function  of  sea  suiface  wind, -diurnal  SST 
difference  and  surface  albedo,  and  surface  meteorological  conditions. 

To  produce  a  thermal  inertia  image,  each  pixel  is  assigned  a 
thermal  inertia  value  from  the  model  based  on  lhe:(SST,  albedo  and 
wind  speed  for  that  pixel.  Finally,  the  thermal  inertia  image  is  cali¬ 
brated  into  the  mixed  layer  depth  image  through  aTinoar  calibration 
equation.  Details  have  been  discussed  by  Yan,  ct  al.(1989). 

4.  Model  Results 

The  modelwas  run  for  the  period,  May  If  to  August  4,  1982, 
using  both  LOTUS  buoy  measured  surface  forcing-data  and  satellite 
data,  and  based  on  tlie  methods  discussed  in  previous  sections.  Fig¬ 
ure  1  shows  the  niodcl/data  comparisons,  where  the  in  situ  diurnal 
mixing  depth  formed  from  the  LOTUS  buoy  measurements.  (Yan, 
ct  al.,  1988) 

A  number  of  important  conclusions  can- be  drawn  from  these 
results.  It  can  be  inferred  that  the  basic  assumptions  in  running 
the  MLTI  model  are  correct  and  that  vertical  mixing  is  the  domi¬ 
nant  physical  process  that  controls  the  distribution  of  thermal  inertia 
in  inid-occan,  far  from  major  current  systems.  Although  advcction 
affects  tlie  thermal  structure  in  many  coastal  waters,  its  role  in  de¬ 
termining  thermal  structure  in  most  mid-ocean  regions  is  relatively 
unimportant.  Clearly,  tlie  one-dimensional  MI.TI  model  will  be  most 
useful  in  regions  where  horizontal  advcction  is  negligible. 

There  arc  some  close  relationships  among  mid  -ocean  diurnal  sur¬ 
face  warming,  thermal  inertiaof  the  upper  ocean,  and  surface  forcing. 
Sea  surface  diurnal  warming  is  ail  indicator  of  the  thermal  inertia  in 
the  uppei  ocean  (inverse  relationship).  The  thermal  inertia  in  the 
upper  mixed  layer  is  controlled  mainly  by  the  surface  energy  flux- 
thc  heat  flux  and  vvind  forcing,  and  proportional  to  the  mixed  layer 
depth. 

During  periods  of  relative!.'  strong  wind  forcing  and  strong  sur¬ 
face  cooling  (c.g.,  days  36  (June  18,  1982),  40  (June  22,  1982),  48 
(J  unc  30,  1982)  and  a  period  of  days  35-55),  tlie  thermal  inertia  tends 
to  increase  and  the  mixed  layer  tends  to  deepen  because  water  is 
entrained  into  tlie  layer  from  below  by  turbulent  mixing.  Relatively 
strong  wind  stirring  prevented  solar  radiatioii  froin  significantly  rais¬ 
ing  the  sea  surface  temperature.  On  these  days,  the  vvind  stress  was 
larger  than  0.1  L  pascals  and  net  heat  flux  was  le»s  than  800  HTn~}. 
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FIGURE  1  Model  output'  compared  with  ground  truth  diurnal 
mixing  depth  of  LOTUS  for  55  days  The  line  with  *  i'  model  out¬ 
put*  The  line  wuh  *■  is  cround  truth  data 
The  resulting  mixed  layer  depths  were  larger  than  15  m  and  diurnal 
tSST  ranged  from  0.2"C  to  O.d^C.  If  the  mixed  layer  is  shallow  ini¬ 
tially,  the  entrainment  heat  flux  at  the  base  of  the  mixed  layer  can 
lie  almost  an  order  of  magnitude  larger  than  the  surface  heat  flux. 
During  periods  of  relatively  weak  wind  forcing  and  strong  surface 
heating  (c.g.,  days  31  (June  13,  19S2),  G3  (July  15,  1082),  G-l  (July 
1G,  1982)  and  a  period  of  days  G0-G5),  however,  the  source  of  tur¬ 
bulent  kinetic  eneigy  maj  have  become  too  weak  to  maintain  active 
entrainment  at,the  base  of  the  mixed  layer,  causing  the  thermal  in¬ 
ertia  to  decrease  and  the  mixed  layer  to  retreat  to  a  shallower  depth. 
A  combination  of  calm  winds  and  clear  skies  permitted  the  appear¬ 
ance  of  rather  pronounced  stratification  and  diurnal  warming.  On 
the  days  31,  G3  and  6-1,  the  wind  stress  was  less  than  0.01  pascals  and 
the  net  heat  flux  was  larger  than  900  ll'm“2.  The  resulting  mixed 
layer  depth  was  less  than  5  m  and  diurnal  5SST  ranged  from  1.8®C 
to  3"C.  The  thermal  incilia  and  thermal  structure  of  mixed  layer  are 
modified  substantially  on  time  scales  of  a  few  days  by  the  passage 
of  atmospheric  disturbances,  as  evidenced  by  the  data  presented  by 
Pike  et  al.  (1986),  Clancy  ct  al.  (1981),  the  remote  sensing  results 
piesonted  here  and  many  others. 

A  daily  satiation  in  the  temperature  of  the  surface  layer  of  the 
ocean  is  known  to  be  pioduced  by  diurnal  healing  due  to  absorbed 
solai  ladiation.  I'he  amplitude  of  the  daily  temperature  variation  is 
usually  small  because  of  tuibulent  mixing  which  usually  dominates 
the  moleculai  thermal  diffusivity.  A  solar  radiation  of  1000  IFm-5, 
when  absorbed  in  a  mixed  layer  with  thermal  inertia  of  15000  TIU 
(mixed  lay ci  depth  about  10  meter)  would  give  a  heating  late  of  only 
0.1  C/lioui  and  a  daily  satiation  of  less  than  0.5'1C.  If  the  turbulent 
mixing  is  reduced  and  a  mixed  layer  with  thermal  inertia  of  less  than 
3000  TIU  (mixed  layer  depth  is  about  1-2  meter  thick)  occurs,  a  heat¬ 
ing  rale  of  DC/liour  may  be  expected  and  daily  variations  of  several 
"C  should  be  observed.  With  the  exception  of  very  shallow  waters, 
large  diurnal  ouifatc  temperature  vacations  in  the  open  ocean  (c.g., 
the  Sargasso  Sea)  correspond  to  low  wind  speed  because  turbulence 
in  the  surface  layer  is  mainly  induced  by  the  surface  wind  stress. 

From  May  Id,  19S2  to  August  14,  1982,  25  synoptic  thermal 
inertia  and  mixed  layer  depth  images  wcic  mapped,  of  which  15  sets 
of  measurements  exhibited  small  tlicimal  incitia  (typically  less  than 
5000  TIU)  and  very  shallow  mixed  layer  depth  (typically  less  than 
10  meters)  fui  particular  aicas  of  appioximatcly  1-100  km  lung  and 
up  to  350  km  wide,  with  an  atea  of  appioximatcly  350,000  km1. 
These  icsults  aie  \eiy  dose  to  the  obseivation  and  estimation  of 
aiea  of  diurnal  warming  (exceeded  14C)  in  the  north-west  Sargasso 
Sea  by  Stramma  et  al.  (1986).  The  major  feature  demonstrated  in 
the  mixed  layer  depth  images  and  thermal  inertia  images  is  the  east- 
west  oriented  mixed  layer  depth  and  thermal  inertia  patterns  (e.g. 
Yan,  ct  al.,1988).  These  patterns  usually  last  for  several  days  in 
the  northwest  Sargasso  Sea  m  summer  time  and  coincident  with  the 
same  east-west  patterns  of  large  diurnal  sea  surface  warming  events 
and  wind  patterns. 

5. Significance 

In  this  study,  a  unique  Mixed  Layer  Thermal  Inertia  (MLTI) 
model  has  been  developed  to  estimate  the  thermal  inertia  of  the 
mixed  layer  using  satellite  data.  Temporal  variations  in  the  spatial 
distribution  of  the  thermal  inertia  of  the  mixed  layer  provide  infor 
mation  applicable  to  studies  of  variations  in  the  upper  ocean  diurnal 
mixed  layer  depth  in  regions  of  the  ocean,  where  diurnal  variations  in 
the  thermal  structure  of  the  upper  layer  duo  to  horizontal  advcction 
and  horizontal  diffusion  aie  small,  and  where  the  effects  of  salinity 
structure  on  variations  in  the  diurnal  mixed  layer  structure  are  small. 


The  mixed  layer  dentil  and  the  thermal  inertia  of  the  mixed  layer 
estimated  by  the  MLTI  model  using  remote  sensing  data  opens  up 
many  potential  areas  of  application  in  physical,  biological  and  geolog¬ 
ical  oceanography  as  well  as  in  atmospheric  investigations.  Although 
these  methods  must  still  be  regarded  as  experimental,  and  much  work 
remains  to  be  carried  out  in  the  investigation,  interpretation,  and  re¬ 
finement  of  the  models  and  of  image  processing,  the  thermal  inertia 
imagery  and  mixed  layer  depth  imagery  offer  oceanographers  a  new 
quantitative  remote  sensing  approacli  for  the  study  of  oceanic  upper 
mixed  layer  dynamics,  for  the  prediction  of  subsurface  information 
and  which  gives  a  new  view  of  the  upper  ocean. 

Midday  solar  heating  of  the  upper  ocean,  especially  under  con¬ 
ditions  of  light  wind  and  clear  skies,  tends  to  decrease  the  thick¬ 
ness  of  tiic  mixed  layer  and  to  increase  stratification  of  the  upper 
layer.  When  the  stratification  of  the  upper  layer  becomes  greater 
than  about  0.001oC/m,  the  surface  acoustic  duct  is  destroyed.  This 
produces  the  "afternoon  effect”  which  is  important  in  some  acoustic 
surveillance  applications  (Clancy,  ct  al.,  19S3).  The  digital  thermal 
inertia  images  and  mixed  depth  images  produced  by  this  study  may 
have  applications  in  predicting  the  region  of  the  "afternoon  effect”. 

Because  the  thermal  inertia  technique  provides  information  on 
the  relationships  among  heat  flux,  wind  speed  and  SST  changes 
within  tiic  diurnal  cycle,  there  arc  possibilities  that  witli  the  same 
formulation  one  can  make  an  estimate  of  wind  speed  or  heat  flux  by 
inverting  the  other  two  using  an  iterative  methods.  Application  of 
tlie  simplified  scaling  thcrmalinerlia  model  to  tiic  data  from  NOAA- 
7  and  8  satellites  also  permits  tiic  construction  of  surface  wind  speed 
images  of  the  North  west  Atlantic  Ocean.  Yan  et  a).,  (1988)  These 
images  were  compared  with  SMMR  wind  images.  The  thermal  in¬ 
ertia  wind  image  was  shown  to  have  a  reasonablely  good  fit  with 
the  SMMR  wind  image  and  all  otiicr  comparison  groups  show  tiic 
same  close  similniily  of  wind  speed  patterns  between  the  SMMR 
wind  and  thermal  inertia  wind  images.  The  primary  importance  of 
this  study  shows  Hint  a  successful  combination  of  research  on  model 
studies  with  remote  sensing  digital  imago  processing  techniques  pro¬ 
vides  new  information  for  the  study  of  upper  ocean  dynamics  and 
air-sea  interactions.  That  will,  in  turn,  improve  the  value  of  remote 
sensing  of  the  oceans.  In  this  study,  the  models  and  image  process¬ 
ing  results  demonstrate  a  close  relationship  among  the  mid-ocean 
diurnal  surface  warming,  the  thermal  inertia  of  the  upper  ocean, 
tlie  diurnal  mixed  layer  depth  and  the  surface  forcing.  We  believe 
that  this  remote  sensing  model  is  a  useful  tool  to  study  the  upper 
ocean  dynamics  and  might  be  applied  to  operational  upper  ocean 
forecasting. 

This  work  lias  been  imrltullg  supported  by  AM 5/1  through  grant 
So.  XASA  SAGW-U71  (through  Scripts  Institution  of  Oceanogra¬ 
phy). 
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Abstract: 

From  16  AVHRR  Infrared  satellite  Images  off  the 
west  coast  of  Vancouver  Island,  British  Columbia, 
collected  during  the  five  summers  of  1984-1988,  four 
alongshore  temperature  transects  wore  sampled.  Upon 
Fourier  transforming  the  transect  data,  we  found  that 
the  energy  spectra  of  the  temperature  variance  In 
alongshore  wavenumber  space  In  general  followed  a 
-2. 1  power  law,  which  agreed  with  previous 
observations  from  other  parts  of  the  world. 

Summer  images  may  be  divided  Into  2  types: 
Upwelllng  dominated  and  non-upwelling  dominated.  When 
a  strong  upwelllng- induced  alongshore  cold  front  was 
observed,  the  regimes  shoreward  and  seaward  of  the 
front  had  distinctly  different  spectra.  Cross 
spectral  analysis  of  transect  data  between  Images 
taken  a  day  apart  in  the  presence  of  strong  upwelllng 
events  revealed  significant  coherence  at  the  low 
wavenumber  regime  (wavelength  300  km  and  above, 
corresponding  to  the  large  eddies)  and  often  at  the 
high  wavenumber  regime  (wavelength  30  km  or  below, 
corresponding  to  the  fine  structures  of  the  eddies). 
The  coherence  dropped  for  images  taken  2  or  more  days 
apart,  suggesting  a  decorrelation  time  scale  of  about 
2  days. 

Keywords:  Spectral  analysis,  sea  surface  temperature 
1 .  Introduction: 

The  spatial  scales  of  sea  surface  temperature 
(SST)  variability  can  be  derived  readily  by  remote 
sensing.  McLeish  (1970),  Saunders  (1972a),  and 
Holladay  and  O’Brien  (1975)  took  transects  of  SST 
using  a  radiometer  from  an  airplane.  Lutjeharmes 
(1981)  used  satellite  images  for  this  purpose,  but 
measured  the  sizes  of  features  on  the  image  directly. 

Advances  in  computer  image  processing  now  allow 
transects  to  be  taken  directly  from  satellite  images. 
Being  one-dimensional,  such  transects  are  easily 
analyzed,  and  unlike  ship  transects,  long  transects 
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Deschamps  et  al . ( 1981 )  was  the  first  to  apply  this 
technique  to  the  problem  of  SST  variability  by 
calculating  the  spatial  structure  functions  of 
transect  data.  The  spatial  structure  function  has 
been  the  preferred  technique  in  the  past  as  it  shows 
less  variation  from  noise  than  the  Fourier  spectrum. 
However,  the  quality  of  satellite  images  available 
today  is  much  higher,  due  not  only  to  technical  and 
processing  advances,  but  also  to  the  larger 
collection  of  image  data.  It  is  now  practical  to  find 


the  Fourier  spectrum  of  satellite  data  if  only  very 
clear  Images  are  selected. 

Hence  this  paper  differs  from  previous  work  in 
two  main  ways:  Fourier  spectra  were  calculated  rather 
than  spatial  structure  functions,  and  high  quality 
Images  wore  analyzed  over  a  much  longer  period.  Using 
an  approach  similar  to  Ikeda  et  al.  (1984),  we 
sampleu  transects  of  length  357  km  parallel  to 
Vancouver  Island,  at  various  distances  offshore,  from 
a  set  of  16  images  over  five  summers  and  studied 
their  spectral  properties. 

The  summer  surface  flow  on  the  continental  shelf 
off  Vancouver  Island  is  predominantly  southerly 
(Freeland  and  Denman,  1982),  except  close  to  the 
coast  where  the  flow  is  less  well  defined  as  outflow 
from  Juan  de  Fuca  Strait  tends  to  flow  northward  as  a 
coastal  current  (Weaver  and  Hsieh,  1987).  The  local 
wind  conditions  generally  favour  upwelllng,  with  a 
large  upwelllng  eddy  frequently  observed  at  the  mouth 
of  the  Juan  de  Fuca  Strait.  Fluctuations  in  the  wind 
leads  to  individual  strong  upwelllng  events  which 
usually  last  a  few  days. 

2.  Data  Acquisition  and  Processing: 

Our  satellite  image  data  for  the  five  summers 
from  1984  to  1988  (taken  by  the  NOAA  6,  7,  8,  and  9 
satellites)  were  obtained  from  the  Satellite 
Oceanography  Laboratory  archive  at  the  University  of 
British  Columbia.  Only  images  having  two  or  more 
cloud-free  days  within  a  week  were  chosen,  so  that 
the  evolution  of  the  SST  patterns  could  be  monitored. 
Selected  Images  (July  14,15,16,17,18,  1984;  August 
13,15,16,17,  1985;  August  6,14,  1986;  August  21,22, 
1987;  August  21,22,23,  1988)  were  sampled  along  lines 
shown  In  Fig.  1,  which  also  shows  the  coastline  and 
gross  features  of  the  bottom  topography.  All  images 
have  been  previously  processed  at  different  scalings 
after  the  radiation  to  temperature  conversion. 
However,  these  differences,  as  well  as  deviations 
from  bucket  temperatures  in  the  satellite  data,  are 
acceptable  as  we  are  stuqymg  only  the  variability  of 
the  temperature,  not  their  absolute  values. 

The  transect  SST  data  were  linearly  detrended 
and  Fourier  transformed.  Spectra  from  several  Images 
taken  within  a  week  were  assembled  and  averaged 
(except  where  used  in  analyses  of  shorter  parlod 
variability  In  Section  4),  and  were  then  further 
smoothed  by  a  moving-average  filter  to  increase 
statistical  confidence. 
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Fig.  1.  The  West  coast  of  Vancouver  Island:  The 
transects  (solid  lines)  and  some  gross  features  of 
the  bathymetry.  Inshore  dotted  line  Is  the 
approximate  180  m  Isobath,  and  offshore  dotted  line, 
the  1800  m  Isobath. 


3.  Spectral  Analysis: 

Fig,  2  shows  the  energy  spectra  averaged  over 
all  available  images  on  a  log-log  scale.  The  mean  of 
the  least-squares  fits  to  all  the  transects  Is  also 
shown.  The  slope  of  this  fit  Implies  that  the 
onc-dlmenslonal  energy  spectrum  E(k)  follows  a  power 
law  of  k"  with  n  =  -2. 1  ±  0.2.  This  agrees  well  with 
the  results  of  Saunders  (1972a)  who  obtained  a  value 
of  -2. 2  ±  0. 1  for  the  same  measurement  In  the 
Mediterranean,  end  those  of  Deschamps  et  al.  (1981 
and  1984),  who  obtained  a  value  of  n  =  -1.8  +  0.1  for 
the  same  part  of  the  world,  and  a  value  of 
approximately  -2  In  1984  off  the  coast  of  France.  It 
agrees  loss  well  with  Holladay  and  O'Brien  (1975)  who 
reported  a  value  of  n  =  -3  for  the  upwelllng  region 
off  Oregon.  From  LANDSAT  multlspectral  scanner  band  4 
data  (corresponding  roughly  to  green  light),  Gower  et 
al.  (1980)  also  reported  a  value  of  n  =  -2.92  south 
of  Iceland.  Saunders  mentions  that  the  value  -2  does 
not  agree  with  any  theoretical  values  of 
two-dimensional  turbulence,  citing  values  of  -1,  -3, 
and  -5  predicted  by  various  studies  (Saunders, 
1972b).  The  closest  theoretical  values  are  those  of 
Kralchnan  (1971),  who  predicts  values  of  -3  for 
enstrophy  transfer  and  -5/3  for  energy  transfer.  It 
is  possible  that  the  area  of  this  study,  and  that  of 
Saunders'  and  Deschamps’ ,  are  not  entirely  dominated 
by  Isotropic  turbulence.  For  Instance,  coastal 
topography  and  currents  In  our  region  will  modify  the 


Fig.  2.  The  5-summer  mean  SST  energy  spectra  for  the  four  transects  with 
ost-fit  slope  of  -2. 1  shown  as  a  straight  line. 
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turbulence  from  simple  two-dimensional  Isotropic 
turbulence.  However,  since  the  circulation  patterns 
of  the  three  regions  are  vastly  different,  It  seems 
unlikely  that  such  good  agreement  In  the  observed 
values  could  be  due  to  any  common  feature  of  the 
regions  except  the  presence  of  two-dimensional 
turbulence. 

4.  Discussion: 

Cross-spectra  of  transects  from  different  Images 
were  also  computed.  Fig. 3  shows  the  coherence  and 
phase  spectra  between  two  transect  4  temperature 
series  from  Images  received  on  Aug.  21  and  22,  1988, 
which  reveal  typical  summer  upwelllng  event.  The 
coherence  spectrum  reveals  significant  coherence  at 
thej  very  low  wavenumber  regime  (below  about  0.02 
km"  )  and  at  the  high  wavenumber  regime  (above 
roughly  0.2  km"1).  The  Intermediate  regime  between 
the  two  reveals  generally  Insignificant  coherence  for 
Images  only  a  day  apart. 

o 
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Cross-spectrum  between  transect  4  temperature 
dato  .  rom  Aug.  21  and  22,  1938.  The  95'/.  significance 
level  is  shown  as  a  dashed  line.  The  phase  spectrum 
Is  plotted  only  when  the  coherence  Is  above  the  80X 
significance  level. 

To  understand  the  coherence,  we  look  at  the 
original  transect  4  data  shown  In  Fig. 4  for  Aug. 21, 
22  and  23,  1988,  which  shows  the  gradual  warming  of  a 
cold  upwelllng  event  over  the  3  days.  The  dominant 
wavelength  as  measured  from  the  two  troughs  Is  about 
250  km,  which  generally  agrees  with  the  coherence 
peak  at  just  under  0.02  km”1  In  Fig. 3,  (corresponding 
to  a  wavelength  of  about  350  km).  There  is  also 
southward  propagation  seen  from  Fig.  4  and  from  the 
phase  spectrum  of  Fig.  3,  where  the  phase  lag  of  37 
uegl  ees  givesj  a  soulhwai  d  phase  speed  of  36  km  day 
or  40  cm  s  ,  a  speed  roughly  comparable  to  the 
prevalent  summer  current  flowing  southward  off  the 
shelf  (Thomson,  1981,  Fig.  13.19).  Closer  examination 
of  Fig. 4  reveals  that  some  of  the  smaller  scale 
structures,  e.g.  at  the  30-km  scale,  remain 
distinguishable  throughout  the  period,  thereby 
contributing  to  the  rise  of  coherence  for  wavenumber 
greater  than  about  0.2  km"1  (corresponding  to  the 
30-km  scale)  In  Fig  3. 
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Fig.  4.  Temperature  data  along  transect  4  for  Aug.  21 
(solid  curve),  Aug.  22  (dotted)  and  Aug.  23  (dashed), 


Fig.  5  shows  transect  4  data  from  Aug.  17,  1984 
and  from  the  same  day  one  year  later.  As  both  days 
were  characterized  by  the  absence  of  strong  upwelllng 
events,  the  resulting  data  are  In  sharp  contrast  to 
those  In  Fig. 4.  If  we  conceptually  divide  each 
transect  temperature  Into  three  parts:  the  overall 
mean,  the  linear  trend  and  the  eddy  f luctuac1 ions,  we 
notice  the  absence  of  strong  eddy  component  In  Fig.  5 
data  as  compared  to  Fig.  4  data.  Curiously,  the  two 
transect  data  in  Fig. 5  show  that  despite  having  a 
similar  alongshore  linear  trend  (a  rise  of  1.5  °C 
over  350  km  southward),  the  overall  means  are  about 
2.5  C  apart.  Thus,  for  summer  transect  data  from 
different  times,  In  the  absence  of  strong  upwelllng 
events,  the  general  linear  trend  tends  to  persist 
despite  a  possible  major  shift  In  the  mean. 


DISTANCE  SOUTHWARD  ALONG  TRANSECT,  KM 

i78’  ioo*TefPeratUre  data  alonS  transect  4  for  Aug. 
if.  1984  (solid  curve)  and  Aug.  17,  1985  (dashed 
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5.  Conclusions: 

From  alongshore  SST  transects  taken  from  AVHRR 
Images  spanning  five  summers  off  the  west  coast  of 
Vancouver  Island,  we  have  confirmation  of  Saunders’ 
(1972a  and  b)  and  Deschamps’  et  al.  (1981  and  1984) 
measurement  of  the  energy  spectra  power  law  exponent 
n.  The  good  agreement  with  these  values,  obtained 
from  very  different  parts  of  the  world,  suggests  that 
the  value  obtained  does  Indeed  represent  the  presence 
of  two-dimensional  turbulence,  despite  our  poor 
theoretical  understanding  of  such  processes  in  a 
non-isotropic  environment  (e.g.  presence  of  coastal 
topography  and  currents). 

Summer  images  may  be  divided  into  2  types: 
Upwelllng  dominated  and  non-upwelllng  dominated.  When 
a  strong  upwelllng-induced  alongshore  cold  front  was 
observed,  the  regimes  shoreward  and  seaward  of  the 
front  had  distinctly  different  spectra  (Burgert  and 
Hsleh,  1989).  Cross  spectral  analysis  of  transect 
data  between  images  taken  a  day  apart  in  the  presence 
of  strong  upwelllng  events  revealed  significant 
coherence  at  the  low  wavenumber  regime  (wavelength 
300km  and  above,  corresponding  to  the  large  eddies) 
and  often  at  the  high  wavenumber  regime  (wavelength 
30  km  or  below,  corresponding  to  the  fine  structures 
of  the  eddies).  Between  these  two  regimes,  the 
coherence  is  generally  insignificant  except  for 
occasional  minor  peaks.  The  coherence  drops  for 
images  taken  2  or  more  days  apart,  suggesting  a 
decorrelation  time  scale  of  about  2  days.  In  the 
absence  of  strong  upwelllng  and  associated  eddies, 
summer  transect  temperature  data  from  different  years 
often  revealed  a  similar  alongshore  linear  trend  in 
addition  to  possible  large  differences  in  the  mean 
temperature. 
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Abstract 

Significant  amounts  of  fresh  water  are 
exported  seawards  from  the  Strait  of  Georgia 
through  the  Strait  of  Juan  de  Fuca  when 
northwesterly  winds  coincide  with  periods 
of  reduced  tidal  mixing.  These  events  are 
accompanied  by  a  recognizable  sea  surface 
temperature  signal  and  usually  occur  during 
clear-sky  conditions:  they  may  thus  be 
examined  through  thermal  infrared  satellite 
imagery.  NOAA  AVHRR  images  of  the  region 
will  be  used  to  discuss  and  examine  the 
flushing  events. 


Introduction 

Freshwater  runoff  has  an  important  influence 
on  coastal  oceanographic  conditions.  The 
lighter  fresh  water  floats  upon  and 
gradually  mixes  with  sea-water,  affecting 
vertical  stability  and  mixing, and  hence  the 
location  of  fronts  between  stratified  and 
homogenized  regions.  The  estuarine  circul¬ 
ation  caused  by  runoff  is  characterized  by 
seaward  flow  in  a  relatively  thin  (5-20  m) 
surface  layer,  partly  compensated  with  a 
slower  return  flow  at  depth.  This  type  of 
circulation  in  fjords  and  other  estuaries  is 
already  well  documented  (Dyer,  1973). 
Estuarine  influences  often  prevail  well  onto 
the  continental  shelf  and  can  give  rise  to 
significant  buoyancy-driven  nearshore 
currents,  as  on  the  coasts  of  Norway, 
Scotland,  and  western  North  America 
(Skreslet,  1986). 

Wind  forcing  and  tidal  mixing  are  the  main 
factors  influencing  the  seaward  export  of 
fresh  water.  The  wind  pushes  surface  waters 
roughly  in  the  direction  in  which  it  blows, 
with  seme  degree  of  deflection  to  the  right 
(in  the  northern  hemisphere)  due  to  the 
Coriolis  force,  the  exact  angio  depending  on 
the  wind's  duration,  the  presence  of  lateral 
constraints  aud  the  vertical  stratification. 
The  main  effect  of  tidal  currents  is  tc 
contribute  to  vertical  mixing.  In  shallow 
arear  where  tidal  currents  are  sufficiently 
strong,  turbulent  mixing  may  destroy  the 
vertical  density  stratification.  Fronts 


Columbia, 


occur  at  the  transition  between  stratified 
and  mixed  regions.  Tidal  currents  ebb  and 
flow  with  semi-diurnal  and  diurnal 
periodicity  as  wall  as  over  longer  periods: 
the  vertical  stratification  and  the  position 
of  fronts  may  thus  be  expected  to  show  a 
similar  variability. 

Observations  in  channels  connecting  sources 
of  runoff  with  the  ocean  (Geyer  and  Cannon, 
1982;  Nunes  and  Lennon,  1987)  have  shown 
that  the  variation  of  tidal  currents  which 
occurs  on  a  fortnightly  cycle  of  neap  and 
spring  tides  is  particularly  important  in 
modulating  the  estuarine  circulation  and 
water  exchange  between  coastal  basins  and 
the  ocean. 

This  paper  describes  the  influence  of  wind 
forces  and  tidal  mixing  on  the  export  of 
freshwater  from  the  Strait  of  Georgia, 
through  the  narrow  and  shallow  tidally  mixed 
Boundary  Passage,  to  Juan  de  Fuca  Strait  and 
the  northeast  Pacific  Ocean,  and  discusses 
the  application  of  AVHRR  infrared  imagery  to 
the  detection  and  interpretation  of  the 
phenomenon.  The  geographical  area  is  shown 
in  Fig. 1, wherein  place  names  referred  to  in 
the  text  are  indicated. 


Surface  Salinity  in  Juan  de  Fuca  Strait 

The  tidal  mixing  rate  is  proportional  to 
that  of  energy  loss  through  bottom  friction, 
and  hence  to  the  cube  of  the  flow  speed.  A 
comparison  of  the  cube-root-mean-cubed 
(erme)  tidal  velocity  in  Boundary  Passage  to 
fluctuations  of  surface  salinity  at  Race 
Rocks  shows  a  clear  relationship  (Fig. 2).  A 
time  series  synthesized  from  the  long-period 
tidal  components  MSf  (fortnightly)  and  Mm 
(monthly)  of  Race  Rock  surface  salinity 
variations  (middle  line,  Fig. 2)  exhibits 
most  clearly  the  relationship  with  mixing  in 
Boundary  Passage,  with  minimum  salinity 
occuring  two  to  four  days  after  times  of 
minimum  mixing  (neap  tides),  indicated  by 
dashed  lines. 

The  combined  effects  of  discharge,  tidal 
mixing  and  wind  on  surface  salinity  in  the 


southern  Strait  of  Georgia  and  eastern  Juan 
de  Fuca  Strait  are  shown  in  Fig. 3.  The 
effect  of  the  wind  on  the  salinity  at  Race 
Rocks  is  felt  clearly  when  a  northwesterly 
wind  (from  310°T)  pushes  the  surface  waters 
of  the  Strait  of  Georgia  seawards  during  a 
period  of  weak  tidal  mixing.  The  combined 
effects  of  wind  and  tidal  mixing  are 
represented  by  a  Froude  number,  low  values 
of  this  number  correspond  to  strong 
stratifications  during  low  current  regimes, 
when  the  surface  brackish  layer  may  readily 
slip  seawards  (Griffin  and  LeBlond, 1989 ) . 

The  lowest  curves  compare  actual  surface 
salinity  at  Race  Rocks  with  their  low 
frequency  tidal  variation.  As  seen  already 
in  Fig  2,  the  low  frequency  tidal 
contribution  explains  the  actual  salinity 
variations  most  of  the  time,  but  clearly  NOT 
when  a  northwesterly  wind  coincides  with 
neap  tides  during  the  high  discharge  period. 
These  events  are  well  predicted  by  the 
Froude  number  and  occur  when  the  latter 
falls  below  a  value  of  approx.  0.8. 


Remote  sensing 

The  mechanisms  described  above  account  for 
surface  salinity  variations  throughout  a 
wide  area  of  coastal  waters  from  Boundary 
Passage  to  the  Vancouver  Island  shelf 
(Hickey  et  al,  1989).  A  good  description  of 
the  spatial  variability  of  the  process 
requires  a  denser  network  of  salinity 
monitoring  stations.  Satellite  remote 
sending  would  seem  an  ideal  method  of 
obtaining  the  desired  aereal  coverage  but 


Fig.l  Area  map,  showing  the  main  source  of 
freshwater  runoff  (the  Fraser  River), and  the 
channels  through  which  it  flows  seawards. 


Fig. 2  Time  series  of  cube-root-mean-cubed 
(crmc)  tidal  currents  in  Boundary  Passage 
compared  with  variations  of  surface  salinity 
at  Race  Rocks  (bottom)  and  the  latter's  low 
frequency  tidal  part  (middle  curve). 


for  the  fact  that  there  is  currently  no 
method  of  extracting  salinity  directly  from 
emission  or  reflection  spectra  of  the  sea 
surface.  During  the  summer  however  inshore 
waters  are  thermally  stratified,  with  warm 
and  fresher  surface  water  overlying  deeper, 
colder  and  saltier  water.  Temperature  may 
then  be  used  as  a  proxy  variable  for 
salinity:  strong  mixing  will  be  associated 
with  cold  as  well  as  salty  water  at  the 
surface;  stratified  waters  will  be  warm  as 
well  as  brackish  at  the  surface.  Thermal 
imagery  of  the  sea  surface  can  then  reveal 
the  evolution  of  fresh  water  flushing 
processes. 

NOAA-7  AVHRR  thermal  imagery  with  resolution 
of  1.1  km  was  obtained  from  the  University 
of  British  Columbia's  Satellite  Oceanography 
Laboratory.  Northwesterly  winds  over  the 
coastal  area  usually  coincide  with  the 
presence  of  a  high  pressure  system  so  that 
clear  skies  prevail  during  potential 
flushing  conditions.  Oceanographic 
conditions  observed  during  the  summer  of 
1984  are  shown  in  Fig  4.  A  period  of 
coincidence  of  neap  tides  with  a 
northwesterly  wind  over  the  southern  British 
Columbia  coast  is  seen  to  occur  in  late 
July.  It  is  clearly  associated  with  an 
increase  in  temperature  and  a  decrease  in 
salinity  (not  shown)  at  Race  Rocks.  A 
sequence  of  surface  temperature  maps  were 
obtained  overlapping  the  period  of  interest. 
Interpretations,  redrawn  from  calibrated  and 
color-coded  infrared  imagery  to  show  the 
main  thermal  features  of  the  sea  surface, are 
shown  in  Fig. 5. 

The  first  image  (July  14,  1984)  shows  the 
surface  temperature  field  soon  after  spring 
tides  and  on  the  first  day  of  a  reversal  in 
wind  direction  following  nearly  a  week  of 
southeasterlies.  Cold  (  <  15°C  )  surface 
waters  are  seen  throughout  Juan  de  Fuca 
Strait  and  Boundary  Passage;  the  southern 
Strait  of  Georgia  is  warm  (between  15  and 
20°C)  and  the  northern  end  even  warmer 
(>20°C) . 
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Fig. 3  Discharge,  wind  and  tidal  mixing 
effects  on  surface  salinities  at  Race  Rocks. 
From  the  top:  freshwater  runoff  into  the 
Strait  of  Georgia  (total  and  Fraser  River 
contribution);  wind  vectors  at  Sand  Heads 
(rotated:  up  is  310°T,  along  axis  of  Strait 
of  Georgia);  crmc  tidal  speeds  in  Boundary 
Passage;  Froude  number  characterising  mixing 
in  Boundary  Passage;  surface  salinity  at 
Race  Rocks  (smooth  curve  is  the  low- 
frequency  tidal  part). 


After  four  days  of  strong  northwesterlies 
(July  18),  pronounced  upwelling  has  brought 
cold  water  to  the  surface  on  the  west  coast 
of  Vancouver  Island  (temperatures  below 
10°C);  upwelling  has  also  taken  place  in  the 
northeastern  part  of  the  Strait  of  Georgia, 
where  patches  of  surface  water  of 
temperatures  below  15°C  are  now  seen.  Tidal 
mixing  is  weaker  and  warm  water  is  beginning 
to  be  pushed  through  Boundary  Passage 
without  being  completely  mixed  with  the 
colder  water  beneath. 

Five  days  later  (July  23),  warming  under 
sunny  skies  has  brought  the  temperature  of 
the  surface  waters  of  the  Strait  of  Georgia 
back  to  20°C  and  above.  Evidence  of  the  lack 
of  mixing  during  neap  tides  is  seen  in  the 
warm  surface  waters  of  Boundary  Passage  and 
eastern  Juan  de  Fuca  Strait.  Mixing  quickly 
dominates  again:  the  next  day  (July  24), 
surface  temperatures  in  that  same  area  have 
already  decreased  below  15°C.  A  pulse  of 
warm  surface  water  is  seen  to  progress 
seawards  in  Juan  de  Fuca  Strait. 


Conclusions 

We  have  used  sea  surface  temperature  as  a 
proxy  variable  for  salinity  to  describe  an 
important  feature  of  the  export  of 
freshwater  seaward  from  the  Strait  of 
Georgia.  Satellite  imagery  provides  wide- 
area  coverage  of  the  process  and  opens  the 
door  to  remote  monitoring  and  short-term, 
prediction  of  oceanographic  conditions  in 
that  area. 


Fig. 4  Oceanographic  and  meteorological 
conditions  pertinent  to  freshwater  export 
from  the  Strait  of  Georgia  during  the  summer 
of  19894.  Vertical  lines  indicate  times  of 
satellite  images.  The  images  seen  in  Fig. 5 
are  taken  on  the  last  four  days  shown. 


334 


Fig  5.  Sketches  of  sea  surface  temperature 
distribution  in  southern  British  Columbia 
waters  in  July  1984.  Areas  labelled  C  are 
cloudy.  In  order  of  increasing  temperatures, 
areas  hatched  with  crosses  are  coldest, 
below  10°C,  those  left  blank  are  below  15°C, 
those  lightly  stipled,  below  20°C  and 
heavily  stipled  areas  are  above  20°C. 
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ABSTRACT 

Landsat  TM  digital  data  were  used  to  map  the 
distributions  and  concentrations  of  selected  water 
quality  indicators  In  and  around  August  Bay,  Sicily. 
The  general  approach  Involved  near  simultaneous 
acquisition  of  TM  data  and  water  quality  samples  from 
42  sites,  laboratory  analysis  of  samples,  extraction  of 
sample  site  DNs  from  the  TM  data,  development  and 
validation  of  regression  models  based  on  sample  data, 
application  of  models  to  the  entire  study  area,  and 
generation  of  color  coded  output  maps.  Results  were 
good  for  modeling  temperature,  turbidity,  Secchl  disk 
depth  and  chlorophyll  £,  and  Indicate  that  remotely- 
sensed  data  nay  be  applicable  to  monitoring  water 
quality  In  this  geographic  area. 

Key  Words:  Landsat  TM,  water  quality,  remotely-sensed 
data,  Sicily. 

INTRODUCTION 

Recently,  concern  has  grown  over  the  quality  of 
water  In  and  around  Sicily,  Italy.  As  population  and 
Industrial  activities  have  Increased,  more  pressure  Is 
put  on  the  water  resources  of  the  area.  As  part  of  a 
cooperative  project  to  Investigate  the  usefulness  of 
remotely-sensed  data  to  the  analysis  of  resource 
related  problems,  Landsat  Thematic  Mapper  (TM)  data 
were  used  to  assess  water  quality  on  Augusta  Bay, 
Sicily.  Upwelllng  radiance  from  the  water  column 
contains  Information  about  constituents  In  water  and 
this  radiance  Is  detected  by  the  TM. 

Information  on  the  distribution  of  water  quality 
parameters  in  estuaries  and  bays  provides  greater 
understanding  of  ecology,  biology,  and  dynamics  In 
these  systems.  The  distribution  of  certaLn  parameters, 
such  as  chlorophyll  a^,  can  be  an  indication  of 
biological  activity  and  the  productivity  level  in 
estuaries  and  bays.  Other  parameters  such  as  turbidity 
and  Secchl  depth  provide  a  better  understanding  of 
water  circulation  and  cut  tents,  organic  and  Inorganic 
matter  distributions  and  hydrodynamic  conditions  in 
these  systems.  The  water  quality  parameters  discussed 
In  this  paper  have  been  studied  by  conventional  survey 
techniques  In  many  similar  bodies  of  water  throughout 
the  world.  These  surveys  can  be  time  consuming  and 
expensive,  and  they  frequently  fall  to  represent  the 
distributions  of  parameters  of  interest  in  heterogenous 
and  patchy  areas.  Researchers  have  had  to  rely  on 
sampling  methods  and  interpolation  and  extrapolation 
between  sample  points.  On  the  other  hand,  remotely- 


sensed  data  acquired  from  aircrafts  and  satellites 
provide  a  synoptic  view  not  attainable  from 
conventional  methods  and  have  produced  a  viable 
alternative  for  water  quality  modeling,  mapping,  and 
management. 

Several  studies  have  been  done  on  other  bodies  of 
water  utilizing  remotely-sensed  data  with  successful 
results  (Khorram  et  al.,  1987;  Lathrop  and  Llllesand, 
1986;  Lin  et  al.,  1984;  Khorram,  1981a  and  1981b; 
Johnson  and  Harrlss,  1980;  Uno  et  al.,  1980).  The 
modeling  of  water  quality  variables  using  Landsat  TM 
data  Is  based  on  physical  principles  utilizing 
statistical  methods  (Tassan,  1987;  Tassan  and  Storm, 
1986;  Catts  et  al.,  1985;  Khorram  and  Cheshire,  1985; 
Farmer  et  al.,  1983).  Theoretical  algorithms  have  been 
developed  and  tested  for  cholorophyll  and  sediment 
mapping  In  coastal  waters  of  Venice  and  Ancona  by 
Tassan  and  Storm  (1986).  Similar  to  our  study,  Tassan 
(87)  utilized  Landsat  TM  data  for  water  quality  mapping 
in  the  coastal  waters  of  the  Adriatic  Sea  with 
successful  results. 

Augusta  Bay  is  located  on  the  eastern  coast  of 
Sicily.  It  is  a  natural  harbor  enclosed  by  a  man-made 
breakwater  with  two  major  inlets  to  the  bay.  The 
surface  area  of  Augusta  Bay  is  approximately 
150  hectares.  The  harbor  is  heavily  used  for  shipping 
by  industries  located  along  the  coast  of  Sicily.  The 
study  area  encompassed  all  of  Augusta  Bay  and  much  of 
the  sea  surrounding  the  bay. 

MATERIALS  AND  METHODS 

General  Approach 

The  general  approach  involved  acquisition  of  water 
quality  samples  from  boats  near  simultaneous  with 
Landsat  overpass;  location  of  sample  sites  on  the 
Landsat  TM  scene;  extraction  of  digital  numbers  from 
all  TM  bands;  development  and  verification  of 
regression  models  relating  concentrations  of  selected 
water  quality  variables  to  the  spectral  data; 
application  of  models  to  the  entire  study  area;  and  the 
production  of  color  coded  resultant  images  each 
depicting  the  distribution  of  a  selected  water  quality 
variable. 

Collection  of  Ground  Truth  Data 

Water  quality  samples  were  collected  at  42  sample 
sites  In  and  around  Augusta  Bay,  Sicily,  on  June  7, 
1988.  Three  rafts  and  one  larger  vessel  were  used  in 
the  data  collection  which  was  completed  within  one  hour 
(11:00  a.ra.  to  12:00  p.m.  local  Daylight  Savings  Time). 
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Satellite  overpass  occurred  around  11:05  local  tine. 
The  sampling  network  was  designed  such  that  samples 
would  represent  the  full  range  of  conditions  expected 
In  this  area.  Secchl  disk  depth  and  temperature  were 
measured  In  situ  and  samples  were  Iced  In  the  field  and 
taken  to  the  witer  quality  lab  In  Messina,  Sicily  for 
analyses  for  turbidity,  salinity,  water  density, 
suspended  sediments  (seston),  and  chlorophyll  a .  Secchl 
depth  was  not  recorded  at  three  of  the  sites  and 
surface  temperature  was  not  recorded  at  two  sites.  Each 
boat  carried  navigational  Instrumental  Ion  and  sample 
site  locations  were  recorded  In  latitude  and  longitude. 
Sample  site  locations  were  also  plotted  on  nautical 
charts. 

Processing  of  Landsat  Digital  Data 

Image  analysts  was  performed  at  the  Computer 
Graphics  Center,  North  Carolina  State  University,  USA, 
using  the  Land  Analysis  System  (LAS)  image  processing 
software  developed  by  Goddard  Space  Flight  Center, 
National  Aeronautics  and  Space  Administration  (NASA). 
Landsat  4  TM  geometrically  corrected  digital  data  were 
acquired  from  EOSAT.  A  window  encompassing  the  study 
area  :as  extracted  from  quadrants  three  and  four  of  the 
full  TM  scene  (World  Reference  System  Pnlh  188,  Row  34, 
June  7,  1988).  Sample  site  geographic  coordinates 
(latitude  and  longitude)  were  transformed  to  Image 
coordinates  (window  X,Y)  using  the  Space  Oblique 
Mercator  (SOM)  projection  system  as  an  intermediate 
step.  Locations  of  sample  sites  were  visually  confirmed 
by  referring  to  their  locations  plotted  on  the  nautical 
charts.  No  dlscrepencles  were  found  in  locating  the 
sample  sites. 

Digital  numbers  (DNs)  for  the  six  reflective  bands 
and  the  one  thermal  band  were  extracted  for  the  single 
pixel  and  for  the  nine  pixel  block  encorapassLng  the 
center  pixel  corresponding  to  each  sample  site.  Within 
band  averages  of  the  DNs  from  the  nine  pixels  were  used 
In  the  analyses.  Single  pixel  values  and  kernel  (block) 
averages  were  compared  to  verify  that  kernels 
represented  spectrally  uniform  areas.  One  sample  site 
was  found  to  have  a  large  deviation  between  the  single 
pixel  ON  values  and  the  kernel  averages.  That  site  was 
found  to  be  next  to  a  rock  jetty.  Kernel  averages 
Included  water  and  rock  surfaces,  therefore,  location 
of  the  site  was  moved  by  one  pixel  and  one  line  on  the 
image  to  avoid  the  jetty.  Hew  kernel  averages  for  the  7 
bands  were  uniform  and  representative  of  spectral 
values  for  the  original  single  pixel.  The  land/water 
interface  was  determined  from  clustering  and  land 
values  were  radlometrlcally  masked  to  zero  prior  to 
applying  the  models. 

Statistical  Analysis 

All  statistical  analyses  were  done  using  the 
Statistical  Analysis  System  (SAS)  Software  Package. 
Water  quality  variables  were  treated  as  dependent 
variables  and  Landsat  TM  kernel  band  averages  were 
Independent  variables  In  the  regression  analyses.  Prior 
to  regression  analysis,  a  correlation  matrix  was 
produced  for  all  water  quality  variables  and  all  kernel 
averages  for  the  42  sites.  Also,  plots  of  each  water 
quality  variable  versus  each  band  were  produced. 
Examination  of  these  plots  and  preliminary  models 
indicated  that  a  natural  log  transformation  would  be 
appropriate  for  all  variables  except  the  thermal  data. 
All  subsequent  analyses  were  done  on  natural  log 
transformed  data.  Ten  sample  sites  were  selected  to  be 
withheld  from  the  regression  analysis  to  be  used  to 
verify  the  models.  Due  to  the  small  range  of  values 
represented  by  the  water  quality  measurements,  care  was 
taken  that  sites  with  the  maximum  and  mtnlnura 
concentrations  or  values  for  each  water  quality 


parameter  were  retained  in  the  data  set  used  in  model 
development. 

Data  plots  and  residuals  for  preliminary  models 
Indicated  two  sites  which  consistently  appeared  as 
outliers  except  with  respect  to  the  temperature  versus 
Band  6  (thermal  band)  TM  dati.  Reference  to  th" 
original  field  (laboratory)  dfta  and  the  nautical 
charts  indicated  that  Secchl  depths  at  these  two  sites 
were  at  least  as  deep  as  bottom  depth.  Spectral  values 
were  probably  higher  because  they  included  bottom 
reflectance,  not  just  reflectance  from  the  water 
column.  A  comparison  was  made  between  Secchl  depth  and 
bottom  depth  at  all  sites.  Three  sites  (10,  21,  and  23) 
where  bottom  reflectance  was  thought  to  be  a  potential 
problem  were  completely  dropped  from  the  analyses  of 
all  variables  except  temperature.  Temperature  DNs 
represent  surface  conditions  only,  not  conditions  In 
the  water  column.  This  was  confirmed  by  the  plots  of 
the  original  data.  Two  of  the  sites  dropped  were  in  the 
data  set  used  in  model  development.  One  of  the  sites 
was  In  the  data  set  used  in  model  verification.  Final 
selection  of  models  was  based  on  R  ,  probability  of  a 
greater  F-value  for  the  overall  model,  and  significance 
of  the  t-test  for  regression  parameters.  A  significance 
level  of  0.05  was  used  for  all  models  and  regression 
parameters. 


RESULTS 


Results  of  the  analyses  Include  models  predicting 
the  concentrations  of  chlorophyll  a^  and  turbidity,  a 
model  predicting  Secchl  disk  depth  and  a  calibration 
model  for  determining  surface  temperatures  from  TM  Band 
6  thermal  data.  Results  also  Include  statistical 
summaries  and  color  coded  maps  showing  the 
distributions  of  the  selected  water  parameters.  No 
relationships  have  yet  been  found  between  the  TM 
spectral  data  and  suspended  sediments  or  salinity.  This 
may  be  because  of  the  very  low  range  of  values  or 
because  of  their  low  concentrations.  Results  of  the 
waLer  quality  measurements  are  summarized  below  for  all 
sites  used  in  model  development  and  model  validation. 


Variable 

n 

Secchi  (m) 

36 

Turbidity  (NTU) 

39 

Chlorophyll  (ug/1) 

39 

Temperature  (C) 

40 

The  following 

nod 

predictor  of  the  natural 

Mean 

Maximum 

Minimum 

10.25 

20.00 

3.50 

1.00 

5.00 

0.00 

1.26 

5.54 

0.00 

20.76 

23. 

19.70 

was  found  to  be  the  best 
g  of  Secchl  depth: 


LNSECCHI  =  -44.00  +  20.42*ln(Bl)  -  14.07*ln(B2) 
n«27  and  R2»0.83 


This  model  had  an  R  of  0*87  when  applied  to  the 
verification  data  set  (n*9).  In  addition  to  the  three 
sites  dropped  from  the  analysis,  three  sites  had 
missing  data  values. 


For  predicting  the  log  of  turbidity 
concentrations,  the  best  model  was: 


LNTURB  =>  -17.633  +  5.23*ln(B2) 
n=30  and  R2-0.52 

The  verification  R2  was  0.57  (n=9). 


For  chlorophyll  a^  the  following  model  was  selected: 
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LNCHLA  »  81.38  -  39.38*ln(Sl)  +29.08*ln(B2) 
n«30  and  R2-0.84 

A 

The  R"  for  the  verification  data  set  was  0. 75  (n=9). 

The  natural  log  transformation  was  not  used  for 
calibration  of  the  temperature  model  and  no  sites  for 
which  temperature  measurements  were  available  were 
dropped  from  the  analysis.  The  model  Is: 

TEMP  ■  -19.57  +  0. 33*B6 
n»30  and  R2“0.55 

The  validation  R2  was  0.50  (n»10). 

Ml  four  models  were  applied  to  Che  entire  study 
area,  the  resultant  values  were  grouped  Into  meaningful 
ranges  and  the  naps  were  color  coded  (Figures  1  and  2; 
chlorophyll  and  turbidity  maps  are  not  shown). 

DISCUSSION 

Augusta  3ay  was  relatively  clear  on  the  date  this 
study  was  conducted  as  evidenced  by  the  low 
concentrations  of  the  water  quality  variables.  However, 
we  were  successful  In  developing  models  for  four  of  the 
variables  of  Interest.  Many  of  the  field  variables  were 
highly  correlated.  In  particular,  Secchl  depth  and 
chlorophyll  £  had  a  correlation  of  -0.81.  Previous 
studies  have  Indicated  that  handset  TM  data  are  not 
sensitive  to  very  low  concentrations  of  chlorophyll  a. 
In  this  area,  we  were  successful  In  predicting 
chlorophyll  concentrations  that  were  all  toss  than  6 
ug/1.  The  similarity  between  the  chlorophyll  model  and 
the  model  for  Secchl  depth  Indicates  that  light 
penetration  depth  may  actually  be  the  variable 
predicted  by  the  chlorophyll  model  and  this,  In  turn, 
Is  highly  correlated  with  chlorophyll  concentrations. 
Alternatively,  there  Is  the  possibility  that  the 
clarity  of  the  water  (Indicated  by  very  low  turbidity 
and  suspended  sediments  and  deep  Secchl  depths)  meant 
that  the  spectral  response  was  dominated  by  chlorophyll 
or  chlorophyll-related  products.  Further  studies  are 
needed  lo  determine  If  chlorophyll  concentrations  can 
bt  consistently  predicted  from  TM  spectral  data  In  this 
geographic  area. 

The  effects  of  bottom  reflectance  were  most 
apparent  when  analyzing  the  preliminary  models  for 
chlorophyll.  When  two  outliers  were  dropped  from  the 
model  development  data  set  due  to  the  Influence  of 
bottom  reflectance  on  the  TM  values,  model  R2  changed 
from  0.70  to  0.84.  It  Is  important  that  the  spectral 
data  used  In  the  analysis  are  a  function  of  light 
upwelling  from  the  water  column  and  are  Influenced  by 
what  is  In  the  water  column  rather  than  by  bottom 
reflectance  or  reflectance  from  surrounding  objects 
(e.g.  jetties). 

2 

Model  R  for  turbidity  was  relatively  low  but  not 
Inconsistent  with  results  which  can  be  expected  for 
such  low  concentrations  (range  of  values  0-5  NTU). 
The  same  is  true  for  the  temperature  calibration  model. 
Less  than  4°C  of  difference  existed  between  surface 
temperatures  at  the  sample  sites.  One  interesting 
result  from  applying  the  temperature  model  was  the 
appearance  of  two  circular  areas  of  relatively  low 
temperatures  off  the  coast.  Such  areas  may  be 
indicative  of  cooler  water  being  upwelled  from  greater 
depths  and  may  be  a  result  of  water  circulation 
patterns  In  this  area  Influenced  by  the  Inlet  to 
Augusta  Bay. 


In  general,  the  distributions  of  water  quality 
variables  depleted  In  the  color  coded  maps  follow  the 
expected  distributions  of  these  variables  and  Landsat- 
TM  data  proved  useful  in  modeling  of  selected  water 
quality  parameters. 
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Figure  1.  Landsat  TM-based  image  representing  Secchl  depth  In  and 
around  Augusta  Bay,  Sicily. 
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Igure  2.  Temperature  distribution  in  and  around  Augusta  Bay, 
Sicily,  as  derived  from  Band  6  of  Landsat  TM  data. 
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ABSTRACT 

Coastal  Zone  Color  Scanner  (CZCS)  images 
of  the  western  tropical  Atlantic  (1979-1982) 
were  combined  into  monthly  mean  surface 
pigment  fields.  These  suggested  that  early 
in  the  year  Amazon  River  water  flows  along 
northeastern  South  America  directly  toward 
the  Caribbean  Sea.  However,  after  June,  the 
North  Brazil  Current  is  shunted  eastward, 
carrying  a  large  fraction  of  Amazon  water 
into  the  North  Equatorial  Countercurrent 
(NECC) .  This  eastward  flow  causes  diminished 
flow  through  the  Caribbean,  which  permits 
northwestward  dispersal  of  Orinoco  River 
water  due  to  local  Ekman  forcing.  The 
Orinoco  plume  crosses  the  Caribbean,  leading 
to  seasonal  variation  in  surface  salinity 
near  Puerto  Rico.  At  least  50%  of  the 
pigment  concentration  estimated  in  these 
plumes  seems  due  to  viable  phytoplankton. 

KEYWORDS:  CZCS,  Orinoco,  Amazon,  river 

INTRODUCTION 

Close  to  25%  of  the  primary  production  of 
the  oceans  occurs  near  continents  (Walsh, 
1988) .  This  carbon  is  frequently  in  surplus 
relative  to  demand  by  the  food  web,  and  may 
be  lost  to  deeper  waters  or  sediments.  Thus, 
continental  margins  may  be  a  sink  for  excess 
carbon  dioxide  released  to  the  atmosphere  by 
human  activity.  In  particular,  rivers  are 
important  point  sources  of  nutrients  (and 
pollutants) ,  with  the  Amazon  and  Orinoco 
rivers  accounting  for  nearly  20%  of  the 
annual  fresh  water  discharge  into  the  world's 
oceans.  But  little  is  known  about  where  this 
water  and  nutrients  go.  We  have  to 
understand  the  dispersal  and  productivity  of 
this  discharge  to  make  sound  management 
decisions  about  natural  resources  in  the 
tropical  Atlantic. 

Typically,  it  is  hard  to  detect  river 
plumes  offshore  with  remote  sensors  due  to 
low  instrument  sensitivity  in  the  visible  or 
lack  of  contrast  in  the  infrared.  But  plumes 
can  be  readily  detected  with  sensitive 
instruments  like  the  Coastal  Zone  Color 
Scanner  (CZCS,  aboard  the  Nimbus-7  satellite; 
see  Hovis  et  al.,  1980).  Most  bio-optical 
studies  have  focused  on  waters  where  optical 
constituents  covary  with  pigment 
concentration,  yielding  algorithms  to 


estimate  phytoplankton  biomass  to  within  40% 
of  in  situ  concentrations  (Gordon  et  al., 

1982;  Gordon  and  Morel,  1983;  GORDON  et  al. 
1983a) .  However,  along  continental  margins 
waters  are  frequently  Case  II  (Morel  and 
Prieur,  1977)  and  identification  of 
constituents  is  impossible  with  the  poor 
spectral  resolution  of  the  CZCS  (Fisher  et 
al.,  1986;  Carder  et  al.,  1988). 

Below  we  examine  the  dispersal  of  the 
Amazon  and  the  Orinoco  plumes  using  the  CZCS. 
We  build  a  case  for  the  presence  of 
phytoplankton  in  the  plumes  using  a  mass 
balance  for  nutrients  and  historical 
observations  of  plankton.  Finally,  we 
examine  CZCS  water-leaving  radiance  data  from 
these  plumes  and  compare  it  with  radiances 
from  other  blooms. 

METHODS 

We  obtained  water-leaving  radiances  (mW 
cm-2  mui-1  sr-1)  and  pigment  concentrations  (mg 
m-3)  from  159  CZCS  images  collected  over  the 
Caribbean  Sea  and  NE  coast  of  Brazil  between 
November  1978  and  December  1982.  We  also 
used  images  processed  by  R.  H.  Evans  (RSMAS, 
University  of  Miami)  and  G.  Feldman  (NASA 
Goddard  Space  Flight  Center)  showing 
normalized  CZCS  water-leaving  radiances  and 
pigment  over  the  entire  North  Atlantic  in 
1979.  Atmospheric  corrections  were  those  of 
Gordon  et  al.  1983a  and  Gordon  et  al.  1983b. 
Pigment  concentrations  were  obtained  using 
Gordon  et  al.  (1983a).  Products  were  mapped 
to  standard  projections  and  navigated  to 
match  a  standard  coastline. 

RESULTS  and  DISCUSSION 

There  was  good  agreement  between 
historical  pigment  concentration  data  and 
CZCS  data  in  the  greater  Caribbean  region. 
Concentrations  were  high  in  known  areas  of 
upwellina  and  also  in  the  plumes  of  rivers. 

An  unknown  amount  of  dissolved  organic 
material  is  present  in  the  plumes,  but  since 
the  rivers  discharge  high  concentrations  of 
nutrients  (>10  pH  nitrate-nitrogen  and  >30  pM 
total  nitrogen) ,  some  of  the  color  was 
probably  due  to  viable  algae.  Direct 
observations  of  high  concentrations  of 
phytoplankton  have  been  made  in  the  Amazon 
plume  by  Wood  (1966) ,  Hulburt  and  Corwin 
(1969),  Demaster  et  al.  (1983),  Borstad 
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(1982) ,  and  Dustan  (unpublished  data 
collected  in  1982  and  1983).  Similar 
communities  may  grow  in  the  Orinoco's  plume, 
as  suggested  by  high  concentrations  of 
pigment  measured  in  the  Gulf  of  Paria  in  1986 
(0.7-2. 3  mg  m-3)  and  south  of  Puerto  Rico 
during  surface  salinity  minima  in  October- 
November  1980  (>0.2  mg  m-3;  Voshioka  et  al., 
1985) . 

We  compared  pigment  estimates  from  full- 
resolution  C2CS  images  (1  km  x  1  km  pixels) 
with  a  limited  number  of  concurrent  ship- 
based  observations  (n=27;  Muller-Karger  et 
al.,  in  press).  The  CZCS  underestimated  the 
sum  of  surface  in  situ  chlorophyll  a  and 
phaeopigments  off  Puerto  Rico  by  a  factor  of 
about  0.61  in  1980  (n=6) .  Comparisons  in  the 
southern  Caribbean  in  1986  showed  more 
scatter,  but  CZCS  data  were  on  average  within 
a  factor  of  0.92  of  surface  in  situ  pigment 
concentration  (n=21) .  The  CZCS  overestimated 
two  observations  of  surface  pigment 
concentration  in  the  Orinoco  river  plume 
within  100  km  of  the  delta  (20  April  1986  in 
the  Gulf  of  Paria) .  It  was  not  possible  to 
evaluate  sub-pixel  variability. 

Dramatic  seasonal  changes  were  observed 
in  the  spatial  arrangement  of  pigments  in  the 
western  tropical  Atlantic  and  Caribbean  Sea. 
During  June-January,  Amazon  water  is 
preferentially  dispersed  offshore  into  the 
tropical  Atlantic  via  the  retroflection  of 
the  North  Brazil  Current  and  the  North 
Equatorial  Counter  Current  (Figure  l;  Muller- 
Karger  et  al.,  1988).  A  fraction  of  the 
discharge  may  reach  Africa.  In  contrast, 
during  February-May,  the  Amazon  plume  flows 
to  the  northwest  along  the  coast,  directly 
toward  the  Caribbean  Sea. 


Figure  1.  Composite  of  15  CZCS  images  of  the 
western  tropical  Atlantic  (21  July  1979  -  9 
January  1980) ,  showing  the  offshore  dispersal 
of  Amazon  water  (the  color  bar  is  applicable 
only  to  th<s  image). 

In  the  Caribbean,  concentrations  >  0.5  mg 
m"3  were  seen  almost  exclusively  south  of 
14°N  during  January-May,  in  particular  near 
capes  and  headlands  off  Venezuela  and  eastern 
Colombia.  Since  such  areas  receive  little 
river  input,  and  since  sea  surface 
temperature  here  is  always  low  relative  to 
the  central  Caribbean,  it  is  likely  that 


upwelling  of  nutrient-rich  waters  occurred 
near  the  coast  (see  Muller-Karger  et  al.,  in 
press) .  The  plumes  of  the  Amazon  and  Orinoco 
could  be  seen  entering  the  Caribbean, 
extending  westward  along  the  coast. 

In  contrast,  between  June  and  December,  a 
patch  with  concentrations  >  0.5  mg  ra"3 
covered  an  area  >3xl05  km2  in  the  eastern 
Caribbean  (Figure  2) .  Over  scales  larger 
than  about  500  km,  features  were  elongated  to 
the  west  or  northwest,  reflecting  the 
dominant  direction  of  water  movement.  At 
smaller  scales,  southward  and  eastward 
motions  were  inferred  from  consecutive  scenes 
(Muller-Karger,  1988).  The  largest  eddy 
motions  were  about  250  km  in  diameter. 


Figure  2.  Composite  of  9  CZCS  overviews  of 
the  Caribbean  Sea  in  October  1979. 


The  CZCS  data  show  that  the  origin  of  the 
large  pigment  patch  in  the  eastern  Caribbean 
during  the  second  half  of  the  year  is  the 
Orinoco  River  rather  than  the  Amazon  (Figure 
3).  Since  at  this  time  winds  are  weak,  sea 
surface  temperature  is  high,  and  the  seasonal 
thermocline  is  well  developed,  it  is  unlikely 
that  this  increase  in  chlorophyll  is  due  to 
upward  mixing  of  nutrient-rich  deep  water. 

Nutrient  loss  processes  in  the  Orinoco's 
plume  were  examined  with  transects  along  the 
plume's  axis  and  with  a  simple  trophic  model 
based  on  histograms  of  the  distribution  of 
CZCS-derived  pigments. 

Transects  were  approximately  1000-1400  km 
long,  the  typical  length  of  the  plume  in 
September-November.  We  converted  distance  to 
time  assuming  that  particles  moved  at  0.3  m 
s"1  along  the  plume's  axis.  Invariably, 
pigments  decreased  along  the  plume.  For 
example,  the  least  squares  curve  that  best 
fit  data  collected  on  9  October  1979  was: 
Pigment=5.34*e(“0>061*t) ,  (n=163,  r2=0.51), 
with  pigments  in  (mg  m-3j  and  time  (t)  in 
[dctyc  ] .  Thi5.c  digested  thst  picjirionts  ciscsyscl 
exponentially  with  a  half  life  of  ca.  11 
days.  Other  dates  also  showed  pigments 
disappearing  faster  than  by  conservative 
dilution  in  a  one-dimensional  model.  This 
implied  that  the  plume  contributed  to  surface 
food  webs  and  offshore  sedimentation. 
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Figure  3.  Composite  of  all  CZCS  data 
collected  in  October  1979  over  the  North 
Atlantic,  clearly  showing  the  separation  of 
the  Amazon  and  Orinoco  plumes  (light  color). 


The  trophic  model  was  based  on  a  series  of 
nominal  conversions  between  CZCS-derived 
pigment  and  nitrogen  concentrations,  and 
between  pigment  concentration  and 
productivity.  The  reader  is  referred  to 
Muller-Karger  et  al.  (in  press)  for  detailed 
explanations.  Hero  we  focus  on  some  of  the 
results.  All  calculations  requiring  input  of 
viable  chlorophyll  used  an  arbitrary  value  of 
50%  of  the  CZCS-derived  pigment  level,  a 
necessary  correction  since  phaeopigments  are 
a  byproduct  of  grazing  and  senescence  of 
phytoplankton  (Jeffrey,  1980;  Margalef, 

1965) .  Also,  the  presence  of  Gelbstoffe  may 
lead  to  an  overestimate  of  phytoplankton 
concentration  (see  Baker  and  Smith,  1982; 
Carder  et  al.,  1988). 

The  model  estimated  average  primary 
productivity  (cf.  Eppley  et  al.,  1985)  and 
nitrogen  uptake  in  the  plume,  Dugdale  and 
Goering's  (1967)  "f"  ratio,  turnover  times  of 
freshwater,  particulate  carbon  and  nitrogen 
concentrations,  and  the  average  number  of 
times  that  a  nitrogen  atom  is  recycled  before 
export.  The  Orinoco  may  contribute  2-12%  of 
the  daily  nitrogen  requirements  of  the 
phytoplankton  growing  in  the  plume,  and  lead 
to  the  fixation  of  7-29X105  tons  carbon  per 
year.  The  rest  of  the  demand  appears  to  be 
met  by  nitrogen  cycling,  which  means  nitrogen 
must  be  recycled  >  20  times  before  export. 

Assuming  that  the  turnover  rate  for  carbon 
is  similar  to  the  nitrogen  cycling  time,  the 
time  needed  to  fill  the  estimated  volume  of 
fresh  water  in  the  plume  was  roughly 
equivalent  to  the  number  of  cycles  undergone 
by  nitrogen.  Also,  the  time  needed  to  fill 
this  equivalent  volume  of  fresh  water  was 
similar  to  the  time  needed  to  balance  the 
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discharged  by  the  river  (we  used  the  Redfield 
ratio;  Redfield  et  al.,  1963).  Furthermore, 
if  we  assume  that  nitrogen  disappeared  from 
the  plume  at  the  decay  rate  obtained  from  our 
transects,  nitrogen  input  by  the  Orinoco 
decreased  to  trace  levels  (i.e.  1%  of  the 
average  input)  in  roughly  the  time  needed  for 
the  plume  to  cover  the  area  observed  in  the 
images,  namely  a  little  over  1  month.  The 


above  estimates  suggest  that  at  least  50%  of 
the  pigment  observed  with  the  CZCS  in  the 
plume  was  viable  phytoplankton. 

Automated  differentiation  between  river 
p3umes  and  other  blooms  is  not  easy.  Figure 
4  shows  CZCS  water-leaving  radiances  (440  nm) 
from  the  Orinoco  plume  and  from  an  upwelling 
plume  off  Margarita  Island  (Venezuela) . 
Nearshore,  sediments  are  responsible  for  some 
backscatter.  Over  100  km  offshore,  radiances 
in  the  river  and  upwelling  plumes  behave 
similarly.  Clearly,  plume  radiances  are 
affected  by  Gelbstoff  and  pigment 
concentration,  but  unfortunately  there  is  no 
data  on  the  concentration  of  Gelbstoffe  in 
Caribbean  waters  that  could  be  used  to  model 
the  optical  characteristics  of  such  plumes. 

It  is  important  that  we  build  a  bio-optical 
data  base  of  these  regions  in  order  to 
effectively  use  future  remote  sensing  data. 
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Figure  4.  CZCS  water-leaving  radiances 
obtained  from  an  upwelling  plume  around 
Margarita  (periods) ,  offshore  Orinoco  plume 
(diamonds,  >200  km  offshore)  and  nearshore 
Orinoco  plume  (squares,  <50  km  from  Dragon's 
Mouth)  on  December  16,  1978  (CZCS  orbit  738) . 


CONCLUSION 

With  more  detailed  measurements  of  the 
vertical  and  horizontal  constituents  and 
optical  properties  of  the  plumes,  we  may  be 
able  to  separate  Case  I  from  Case  II  waters. 
Preliminary  observations  suggest  that 
chlorophyll  may  be  overestimated  by  >200% 
with  the  "standard"  CZCS  pigment  algorithm  in 
waters  with  a  high  Gelbstoff  to  chlorophyll 
ratio  (Carder  et  al.,  submitted).  These 
errors  may  be  brought  to  under  +-50%  if 
additional  spectral  information  is  available. 
Carder  et  al.  (submitted)  propose  quantifying 
chlorophyll-like  pigments  separate  from 
Gelbstoffe  and  chlorophyll  degradation 
products  using  additional  water-leaving 
radiances  measured  at  412  nm.  The  promise  of 
this  new  method  can  only  be  tested  with  an 
adequate  data  set  obtained  during  combined 
ship-board  and  airborne  experiments. 
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ABSTRACT 

A  wake  behind  a  surface  ship  can  frequently  be 
seen  La  synthetic  aperture  radar  Imagery  at  both  L 
and  X-bands,  One  of  the  features  Is  often  the 
"turbulent  wake",  which  appears  sometimes  as  a 
reduction  In  scattering  cross-section  and  soraetlmeo 
as  a  "bright”  screak  (or  streaks)  extending  some 
kilometres  behind  the  vessel.  A  model  for  r.he 
scattering  of  em  waves  from  the  turbulent  wake  Is 
presented.  The  model  Is  based  on  the  propagation  of 
surface  waves  through  the  steady  component  of  the 
flow  associated  with  the  wake  together  with  the  Bragg 
mechanism  for  scattering.  Cross-sections  across  the 
wake  are  calculated  and  some  of  them  exhibit  the  type 
of  behaviour  that  has  been  observed.  A  comparison  of 
Che  theory  with  SKASAT  Imagery  Is  underway. 

KEY  WORDS:  RADAR,  WAKE,  TURBULENCE 

I.  INTRODUCTION 

A  library  of  about  50  SEASAT  and  some  airborne  SAR 
wake  Images  has  been  compiled  at  the  Defence  Research 
Establishment  Ottawa.  Providing  the  spatial 
resolution  Is  sufficiently  fine  In  both  azimuth  and 
range  (such  as  that  obtainable  In  SAR),  radar  images 
of  the  wakes  from  surface  ships  seem  to  fall 
principally  into  four  categories.  These  are  the 
Kelvin  wake,  the  turbulent  wake,  wakes  from  Internal 
waves  and  narruw-V  wakes.  Not  all  types  are  seen  at 
a  given  frequency:  for  example  narrow-V  wakes  have 
been  seen  with  L-band  radars  but  not  at  X-band.  Work 
is  underway  to  develop  a  fairly  comprehensive 
simulation  of  the  SAR  image  of  a  wake.  The  aim  of 
this  ts  to  study  the  production  of  the  various  types 
of  wake  Image  under  different  conditions.  However, 
since  there  will  generally  be  a  lack  of  knowledge  of 
the  conditions  under  which  an  Image  is  pr.,Juw«d,  a 
very  accurate  solution  to  the  problem  is  not  required 
at  this  stage.  In  this  paper  attention  is  confined 
to  che  turbulent  wake.  Though  not  always  visible  in 
raUar  imagery,  the  turbulent  wake  is  must  often  seen 
as  a  dark  streak  behind  a  surface  ship,  stretching 
back  for  several  kilometres. 

The  effect  would  seem  ro  indicate  a  reduction  in 
the  amplitudes  of  the  surface  waves  responsible  for 
tiie  scattering  of  the  em  waves  in  the  turbulent  wake. 
However  it  must  be  noted  that  sometimes  the  dark 
streak  may  exhibit  bright  edges  and  perhaps  other 
structure.  The  Bragg  mechanism  of  scattering,  which 
will  be  adopted  here,  is  capable  of  explaining  most 


of  the  phenomena  associated  with  ocean  scatter, 
except  at  small  radar  depression  angles  and  higher 
radar  frequencies.  An  improvement  has  been  made  by 
Holliday  et  al,  1986,  1987,  which  Is  roughly 
equivalent  to  the  Inclusion  of  the  effect  of  varying 
the  angle  of  incidence  because  of  the  wave  slopes. 

It  appears  that  this  results  In  an  enhanced 
scattering  cross-section  at  X-band  over  that 
predicted  by  the  simple  Bragg  scatter  mechanism 
because  longer  waves  make  a  significant  contribution. 

When  a  vessel  is  underway,  a  "turbulent" 
hydrodynamic  wake  stretches  out  behind  it 
(Schllchtlng,  1979;  Townsend,  1976)).  Thl3  type  of 
wake  consists  not  only  of  vortices  with  some  energy 
spectrum  but  it  also  has  a  steady  component 
concentrated  In  a  narrow  region  along  the  ship's 
track.  Whilst  the  theory  of  the  production  of  the 
turbulent  wake  Is  not  sufficiently  advanced  to  be 
able  to  make  accurate  predictions  for  a  given  ship, 
an  order  of  magnitude  for  the  various  quantities  can 
be  obtained  readily.  It  can  be  shown  that  the  non¬ 
steady  component  of  vortices  is  not  likely  to  be 
important  to  the  radar  scattering  problem:  a 
treatment  of  only  the  "dc”  component  is  necessary 
(Tunaley  et  al,  1986). 

Once  the  profile  of  the  mean  flow  has  been  found, 
the  propagation  of  a  wave,  with  a  given  wavevector, 
outside  the  wake  can  be  studied  ns  it  Impinges  upon 
the  mean  flow.  The  theory  is  similar  to  Chat 
Involved  in  the  propagation  of  acoustic  waves  In  the 
atmosphere  where  there  is  a  wind.  The  theory  is  well 
established  (Lighthlll,  1978).  It  turns  out  that, 
because  the  phase  velocity  of  surface  gravity  waves 
is  quite  small  at  wavelengths  corresponding  to  L  or 
X-bands,  the  effect  of  a  change  In  the  flow  velocity 
of  a  few  centimetres  per  second  over  a  distance  of  a 
few  metres  can  have  a  dramatic  effect.  Thus  a  wave 
travelling  from  outside  the  wake  will  generally 
change  its  wavelength,  phase  and  group  velocities  and 
its  direction  significantly  as  It  enters  the  wake. 
Indeed,  for  some  positions  and  orientations  within 
the  wake,  it  may  be  Impossible  for  a  wave  to 
propagate  from  the  outside:  this  clearly  suggests  the 
possibility  that  serious  reductions  in  scattering 
cross-section  can  occur. 

In  the  present  study  a  simplified  approach  Is 
adopted.  It  is  assumed  that,  for  a  small  area  about 
each  position  within  the  wake,  scattering  arises  from 
a  Bragg  wave.  The  ray  path  is  then  traced  back  to 
the  outside  of  the  wake  so  that  the  amplitude  of  the 
wave  can  be  found.  A  simplified  power  law  spectrum 
(Phillips,  1977)  is  chosen;  it  is  assumed  that  this 


spectrum  >f  waves  Imi  been  generated  by  the  ulnd  at 
some  distance  from  the  wake  and  that  this  spectrum 
has  a  simple  dependence  on  the  wind  direction.  Whilst 
the  wind  will  produce  new  waves  which  will  decay,  as 
described  by  Hughes,  1978,  it  Is  further  assumed  that 
the  wind  cannot  produce  significant  new  waves  over 
the  extent  of  the  wake  Itself  and  that  the  associated 
damping  of  the  wives  is  negligible.  These  latter 
assumptions  are  reasonable  for  L  but  not  for  X-band. 

11.  TIIU  TURBULENT  WAKE  IN  THE  FLUID 

file  turbulent  wake  from  a  towed  vessel  occurs 
because  water  has  a  small  but  finite  viscosity  and 
because  It  wets  the  submerged  surface  of  the  ship. 
This  causes  a  frictional  drag  which  Imparts  momentur 
to  the  fluid.  The  rate  of  transverse  diffusion  of 
this  tiouentuu  by  the  random  velocity  field  of 
vortices  tends  to  be  small.  Even  If  the  wake  were  t,» 
start  Jo  a  regular  stunner,  It  would  become  random 
downstream  (Schllchtlng,  1979).  Thus  eddies  of  a 
wide  range  of  scales  will  be  produced  us  wel!  os  a 
mean  flow  component  directly  astern  of  tee  snip  along 
the  ship  track:  the  wake  can  be  regarded  as  an 
txtenr.on  of  the  boundary  layer. 

Me  In  1 1  two  types  of  shear  flow  are  treated  in  the 
literature.  These  are  the  two-dlmens local  flow  past 
a  long  cylinder  oriented  transverse  to  the  principal 
flow  direction  and  the  axlaymmetrlc  three-dimensional 
sake  behind  a  body  of  revolution,  information 
concerning  the  me.ui  How  velocity  distributions  and 
the  development  of  the  shape  of  the  wake  can  be 
obtained  using  the  ulxlig  length  theory  of  Prandtl 
(Fraud:.1,  and  feltjens,  1934).  The  theory  i.i  based  os 
the  Idea  that  the  appropriate  d you. leal  quantity  can 
diffuse  throughout,  the  flow  In  an  anallgoas  manner  t 
molecules  diffusing  lc  a  gas.  In  a  sense,  tne 
’■jilting  length"  is  similar  tu  the  mean  free  path  but 
the  diffusing  elements  are  macroscopic  "lcn.j.s"  ol 
fluid  rather  than  ulcroscopic  objects. 

Vl.ii  Prauntl's  assumptions  oa  the  geometrical  and 
mechanical  similarity  of  the  flow  in  different 
sections  of  the  wake,  the  differential  equations  can 
be  solved  for  the  turbulent  waki  region  away  from  t<w 
ol'Jact  creating  the  disturbance.  Thus  Ir  Is  co  be 
expicted  Chat  the  solution  cannot  depend  too  grer.ly 
on  the  nature  wf  the  objnee  Itself  and  vlm.  ‘Tie 
results  will  be  more  or  less  ganoialiy  app!  ’.cable . 

The  solutions  fur  a  sphere  have  been  -tlseu3sed  by 
Schlltchttag.  The  result  Is  not  .••'str Icced  to 
spherical  todies  as  long  as  Che  appropriate  frag 
coefficient  Is  Inserted  to  represent  the  correct  are 
of  momentum  production:  It  can  be  employed  to  find 
the  order  of  magnitude  of  the  rake  parameters  oste-n 
of  a  ship. 

To  estimate  the  wake  parameters  for  s  ship,  a  dreg 
coaf Helen!  rspr«senti<g  tne  net  rath  of  producvlo.- 
of  linear  momentum  by  a  self-propeiicd  snip  Is 
needed.  At  moderate  speedo  if.e  drag  due  he  till 
■production  of  aooentora  by  tin  .(ulvln  wake  tends  to  Le 
of  the  same  order  aa  that  to  vircous  dr-g .  clnr.n 
the  results  of  tlie  theory  far  the  wake  side''  so!  uon 
velocity  of  the  fiow  depend  o>.  tm  drug  coefficient 
(o  .he  power  of  1/3,  estimate'  based  on  tee  skin  drag 
for  towed  body  cap  be  utilised.  I'm.-,  the  p,  eduction 
of  momentum  by  the  screws  '.rill  tend  to  t '.nee \  that 
caused  by  rW  drug.  However,  there  w'Vl  typically 
be  u  tat  production  o(  fluin  momentum  la  -he  opposite 
dl' action  t'  the  ship  velocity  became  of  wvtvemaking 
resistance  and  wind  drag  foicae.  Figures  1  and  2 
show  graphs  cf  the  wake  half  witch  and  Inn  velocity 
uf  the  ccncu:  of  r.hc  w.-it-a  m  a  fiuctfon  of  distance 
behind  ,•  frigate  sin d  snip  with  a  du»g  coefficient 
•>(  0.’.  ’’"'a  notable  feature  Is  the  persistence  of 


the  wake  for  several  kilometres,  owing  to  the  i 
slow  r-iti  of  spreading. 


Figure  l.  The  wake  half  wldt  i  as  u  f  inct')i’  of 
dlStlH'**  \  ■»  i-r  .1  I  f  »•  7f\  l?* 


Figure  2.  The  mean  velocity  of  the  wake  at  Its 
cen-ru  ns  a  function  of  distance  behind  a  frigate 
moving  a:.  20  kt. 

Ill  8URFACL  iJAVi  PROPAGATION 

Tills  section  l?  co. learned  with  waves  on  a  surface 
upon  which  thu  "eloc  changes  sitJwtiily  from  point 
to  point.  Xc  Is  asrj.jed  time  tile  velocity  changes 
over  .i  ravelcngth  tr<  very  sma1!.  Tha  propagation  of 
waves  on  or  within  j  moving  indium  has  been  treated 
ty  Peregrine,  19?*,  LigM’Hlt,  1978,  and  Phlullps, 
1977.  The  frequer.sy  oc  a  wave  measured  uf  any  _.oint 
In  an  inortl.nl  refereiv.j  fr.nai  is  the  rar.m .  However 
Che  frequency  Kaanursu  In  a  f:eme  which  Is  sotlonary 
with  recpect  to  the  local  water  lurfroc  w_ll 
general) y  be  Loppler  a*:* t-.ed  in  frequency.  If  fO  *3 
c.ift  u nr. -la r  frequency  outside  the  w,««  'n  a  frame  In 
which  tl.e  wa.er  is  stationary  ur.d  <r  is  the  angular 
1  roquuney  leasuvad  by  £>r.  observer  m.'Vi  ig  with  Lae 
fluid,  tl.»  usuox  trsufaeac  of  the  floppier  effect 
yields 

./  >r  (o  —  k.»; 

where  V  ls>  tl.e  local  fluid  v«u cully  the  notion  of  a 
local  Train  tc- if  y  Is  useful  n«c..nsc  tho  wavelon-tii  vn 
the  surface.  \i  directly  relctei!  to  it.  Tor  cx.vople  a 
v-vt>  cm  pin,,  lag  o  wake  flow  wK-ch  has  a  couponent 

of  vcloc.Lty  in  the  sa-u  firnctioc  aw  the  wavevi;tor 
will  luve  e  reduced  local  frequency  sue  its 
wavelength  sill  be  Increased,  for  ulspsrslvo  weva *, 
the  phase  and  group  vulorlcths  will  also  change. 

For  radar  uavllcngthi  a-.  L-baud,  the  llragg  /vives 
will  typically  -6  fit  tbu  s.civiey  war#  regime  whV:i 
the  propagation  Is  dotevuliui  uy  tha  competition 
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S'tWMfn  liertti’  .ui  gnvlratiort.il  tones.  B»i'  mho 
the  changes  hi  the  wake  velocity  are  small  over  a 
wavelength,  ray  theory  can  be  applied.  It  Is  also 
assn, led  that  the  changes  In  the  mean  wake  velocity 
and  tlie  wake  breadth  are  small  compared  to  the  wake 
breadth  so  that  the  water  surface  over  tile  wake  can 
be  tr,  atnd  as  i  two-dimensional  medium  stratified  In 
a  direction  parallel  to  the  ship's  track.  Refraction 
of  rays  can  be  analysed  by  noting  that  the  phase  of 
the  wave  must  be  continuous  across  a  line  of 
stratification.  Tnl3  leads  to  Snell's  law. 

Ill'll  thill,  1973,  has  shown  that  the  component  of  the 
wave  action  flux  density  perpendicular  to  the  lints 
of  stratlf Icatfon  (In  tills  case  lines  of  constant 
fluid  velocity)  Is  a  constant  along  a  ray  path.  fhU 
vector  Is  defined  hy 

i  "/>gA2C!i +  %)/(&) 

Here  A  is  the  wave  amplitude,  C  Is  the  local  group 
velocity  and  p  Is  the  density  8f  the  fluid.  The  us.- 
of  this  conservation  principle  allows  the  wive 
amplitude  of  a  r..y  at  various  points  across  til'-  wake 
to  be  calculated.  Thun,  as  well  as  dealing  with  the 
"stretching"  or  "contraction"  of  a  wave  ns  ft  Is 
Oopple“  shitted,  ft  takes  Into  account  the  cluing* ng 
cross-snot loc  of  a  "ray  tube",  defined  as  enu  region 
enclosed  by  two  neighbour  lug  rays,  as  it  passes 
through  the  medium.  Them  relations  must  be 
augmented  by  the  dispersion  •‘elatlono  and  the 
expressions  for  the  phase  and  group  velocities.  A 
solution  of  the  equations  shows  tint  some  w.-ivta  may 
be  totally  reflected  from  the  wake,  even  for  small 
flow  velocities. 

The  relationships  allow  all  the  parameters  or  a 
gravity  wave  propagit log  Into  a  wake  to  be  toped 
after  the  wave  outside  the  wake  has  been  spec  HI  erf. 
For  the  backscatierlng  ol  radii,  waves,  the  wafer 
-uvea  raunt  have  the  Bragg  wavelength  and  be  oriented 
parallel  to  the  projection  of  the  radio  wavevcctor  or 
the  mean  water  surface.  Therefore  we  have  the 
Inverse  problem:  It  Is  necessary  to  specify  the  waves 
Inside  the  wake  and  trace  rays  back  ~n  the  outside. 
For  waves  travelling  agaU.st  the  flow,  It  may  happen 
that,  at  some  posit  tors  in  the  wake,  a  solution  to 
the  equations  does  not  exist.  In  this  else  these 
points  In  the  wake  will  not  support  a  Bragg  wave  and 
tno  radur  cro-is-scctlon  there  will  be  zero. 

'Jenerally,  the  waves  outside  the  wake  can  be 
described  by  a  spectral  density,  such  an  the 
Phillip's  spectrum  but  Including  a  factor  to  Cake 
account  of  the  orientation  relative  to  the  principal 
wind  direction,  riecause  of  wind  gustlng,  It  may  lie 
expected  that  the  dependence  in  orlenrallen  may  not 
be  all  that  streuj,  and,  In  the  present  study,  we 
Illustrate  the  radar  cross-scctljns  with  two  extreme 
models.  In  the  first,  we  Introduce  a  spectre! 

Jens  tty  for  the  waves: 

P&;>..f)  -■  k-4  ccs2(#-«0, 

for  -7iyz<(6'  /)<R/ 2  arrf  p  -  o  otherwise.  The  engle  of 
’s  the  mean  direction  of  the  wind  relar'vO  to  che 
radar ,  k  Is  the  wavenumber  and  6  Is  the  wavevcctor 
angle . 

The  sc  c.J  model  simply  represents  an  Isotropic 
wave  spocirvis. 

Because  the  wavelength  (of  k)  changes  ns  a  wave 
propugatux  through  the  wake,  the  region  In  vnvevector 
space  alec  ti'uWgos.  A  ;orrecl*or  must  be  medo  for 
rfii )  transformation  which  Involves  c  Jacobs- in. 

Prugaams  hove  '•-on  written  fo  generate  piots  of 
the  rvlative  radar  notz-ccctloi;,  which  Is 
oroport lenal  ro  c':»  ip«ct''"l  density  of  the  B/ngg 


waves.  The  algorithm  Is  equivalent  CO  Che  tracing  of 
rays  from  a  given  point  in  the  wake  to  the  outside. 
Rays  travelling  both  towards  and  away  from  the  radar 
are  examined.  For  each  point  on  the  wake  section, 
tests  are  made  to  do. ermine  it  a  contribution  to  the 
wave  amplitudes  car.  arise  from  a  reflection  process 
In  the  wake  and  to  estukllsh  whether  It  Is  possible 
for  a  ray  to  propagate,  from  the  outside.  In  some 
circumstances  there  upp, nr  to  be  abrupt  changes  In 
the  radar  cross-section  and  these  are  associated  with 
(I.)  the  onset  of  reflection  as  the  observation  point 
moves  into  the  wake,  (11)  changes  In  the  wave 
spectrum  as  a  function  of  orientation. 

Plots  ol  relative  scaferli'g  amplitude  tor 
positions  across  the  wake  are  shown  In  figures  3-6 
for  a  large  merchant  ship  at  a  distance  of  1  km 
downstream.  Tne  Bragg  wavelength  has  been  set  at 
0.3m.  Different  values  of  radar  and  principal  wind 
directions  with  the  "anisotropic"  spectrum  are  chosen 
to  Illustrate  the  variety  of  radar  signatures.  The 
tuibulent  wake  can  be  dark,  bright  or  .lark  with 
bright  edges.  It  can  also  exhibit  sore  complicated 


Turbjlenl  Woke  Scottrring 


Figure  3.  Tne  radar  scattering  across  a  wake:  wind 
waves  asymmetric. 

structure.  In  the  latter  cate  It  may  be  asymmetric. 
Tills  is  due  to  the  f^ct  that  on  the  windward  side  of 
the  wake,  there  are  Bragg  waves  reflected  from  the 
wake  nc  well  as  ambient  wnves. 

The  case  of  an  isotropic  wind  generated  wave 
spectrum  Is  also  Interesting.  Clearly  the  wind 
direction  is  Irrelevant  and  it  turns  out  that  the 
radar  cross-sactlon3  are  Independent  of  the  sign  of 
the  angle  of  incidence.  There  are  three  basic 
signatures.  All  are  symmetric.  These  are  the  bright 
wake,  the  dark  wake  and  the  dark  wake  with  bright 
edges.  An  example  of  the  latter  is  shown  In  figure 
>. 

V.  CONCLUSIONS 

The  model  that  1ms  been  developed  lends  to  results 
that  seem  to  be  consistent  witn  the  experimental 
findings.  It  certainly  predicts  the  persistence  of 
the  wake  for  many  kilometres  behind  a  frigate  sized 
or  larger  ship.  In  making  comparisons  with  the 
existing  data  it  must  be  appreciated  that  some 
onfuslon  nay  exist  between  the  narrow-V  wakes  and 
bright  arras  of  the  turbulent  wake.  Furthermore  a 
specification  of  the  wind  direction  may  be 
Insufficient  to  determine  the  type  of  wake  -  the 
•ngulir  dependence  of  the  wind  generated  wave 
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vigure  4.  Iho  radar  scattering  jcriss  a  wake:  wind 
waves  asymmatr 1c . 
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Figure  5.  The  radar  scattering  ncross  i  wake:  wind 
waves  asymmetric ■ 
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Figure  6.  Radar  scattering  across  a  wake:  wind  waves 
,i:iymr,i""  r !  e 


Flguie  7.  Radar  scattering  across  n  wake:  wind  waves 
symmetric. 


DETECTION  OK  LOW  CONTRAST  FEATURES  IN  SAR  IMAGES 
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We  Investigate  the  Implementation  of  processing  algorithms  to  retain  the  highest 
probabllllty  of  detection  for  ship  wakes  In  SAR  Images.  Wo  also  examine  their 
ability  to  determine  ship  direction  and  3pcod. 

The  sea  clutter  background  and  the  speckle  nature  of  a  SAR  Image  both  croate  a 
complex  environment  which  makes  the  extraction  of  low  contrast  features,  such 
as  ship  wakes,  difficult.  A  further  complication  Is  the  variable  morphology  of 
ship  wakes.  Tho  bright  arms  of  the  "V"  wako  are  sometimes  not  present,  or  appear 
as  single  or  multiple  linear  featuros  extending  aft  of  tho  ship.  The  appearance 
of  the  centerline  wako  ns  a  negative  contrast  linear  feature  Is  dependent  on  the 
sea  clutter  background.  The  linearity  of  these  featuros  Is  In  turn  dependent 
on  the  constancy  of  the  ship  heading,  and  the  surface  currents  through  which  the 
ship  passes. 

We  discuss  the  effectiveness  of  the  algorithms,  and  tholr  dependent  on  the 
assumptions  made  about  the  appearance  of  the  wake,  and  Its  relationship  with  the 
background.  To  evaluate  the  processing  algorithms,  wo  proccde  with  the  following 
steps . 

Tho  first  step  Includes  comparisons  between  several  pro-detection  filters  which 
smooth  and  edge  enhance  both  one- look  and  four-look  SAR  Images.  Wo  examine 
averaging  algorithms  such  as  the  median  filter  and  adaptive  filters  which  use 
local  statistics  clustered  near  the  target  pixel. 

Next  we  apply  several  wako  decoction  algorithms  to  tho  smoothed  Images.  A  soctor 
search  algorithm  uses  knowledge  of  tho  ship  location,  by  centering  on  the 
brightest  pixels  in  the  Image.  Ocher  methods  such  os  the  Hough  transform  and 
matched  filtering  technique  are  also  investigated. 

The  resulting  noise  levels  and  feature  contrasts  for  each  combination  of 
processing  steps  are  then  compared.  Tho  probability  of  detection,  for  tho  range 
of  observed  ship  wake  parameters,  Is  then  compared  for  each  detection  algorithm. 
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EFFECT  OF  THE  KELVIN  WAKE 
TRANSVERSE  WAVE  COMPONENT 
ON  SAR  IMAGERY  OF  SURFACE 
WAVE  WAKES 


B.A.  HUGHES 


DEFENCE  RESEARCH  ESTABLISHMENT  PACIFIC 
FMO  VICTORIA,  B.C.  VOS  1BO  CANADA 


Abstract 

A  theoretical  investigation  is  given  of  the  effect  of 
a  long  wavelength  corrugation  on  the  SAR  image  formed 
by  first-order  Bragg  scattering  from  a  deterministic 
sea-wave  pattern  such  as  a  Kelvin  wake.  A  standard 
SAR  processor  is  assumed.  It  is  shown  that  the 
corrugating  wave  can  horizontally  rotate  the  effective 
Bragg  acceptance  angle  by  up  to  ~10’  for  typical 
Kelvin  wake  parameters. 

Key  Words 

SAR,  Kelvin  wake,  Narrow-V,  Bragg  scattering, 
curvature 

1 .  Introduction 

One  of  the  significant  features  in  SAR  images  of 
Kelvin  wake  systems  at  low  wind  speed  is  the 
appearance  of  a  narrow  V  near  the  centre  of  the  wake 
(Hammond,  et.al.,  1985;  Hughes  and  Dawson,  1988). 
Velocity  bunching  effects  are  known  to  be  of  possible 
importance  in  the  occurrence  of  the  V,  but,  so  far, 
surface  shape  effects  per  se  have  not  been  studied. 
For  steady  Kelvin  wakes,  particle  velocity  (or 
acceleration)  and  curvature  of  the  longer  waves  are 
interdependent,  but  they  produce  different  results  in 
the  SAR  processing  and  so  they  are  not  directly 
interchangeable . 


In  the  processor  simulation,  phase  terms  in  the 
defining  integral  are  expanded  to  second  order  in 
distance  and  time  (relative  to  the  centre  of  the  given 
pixel  and  the  pulse  centre-time) .  Only  zeroth,  first- 
order  and  some  non-negligible  second-order  terms  in 
the  other  pertinent  small  quantities  are  kept  in  the 
integrand  phase.  In  this  case  the  small  quantities 
are  proportional  to  corrugation  wave-height,  ship- 
speed  and  aircraft  speed  mismatch  terms. 

The  theoretical  analysis  defining  the  approximating 
expansions  is  provided  in  the  next  section,  followed 
by  the  results  and  a  discussion.  The  main  results  are 
contained  in  a  numerical  example  for  the  condition 
pertinent  to  narrow-V  wakes  in  Dabob  Bay,  WN  (Hughes 
and  Dawson,  1988). 

2.  The9reU<;qi_Analygls 

It  can  be  shown  straightforwardly  (Hughes^,  1981, 
Wright,  1968)  that  the  undetected  image  W(x0),  for 
lst-order  Bragg  scattering  with  matched  filter 
processing,  is  given  by 

W(x0)  -  JJ7  c(x' ,t')I(x' ,x0,t’)dx'dt'  (1) 

-» 

Here  s(x't')  is  the  height  of  the  sea^  surface  above 
its  ambient  mean  level,  and  I(x',x0,t')  is  the 
equivalent  impulse  response  function  of  the  entire 
process,  given  by 


In  the  present  paper  a  deterministic  problem  is  solved 
in  which  the  Bragg-scatterlng  field  (the  diverging 
wake  wave-field)  exists  in  the  presence  of  a  long 
"corrugating"  wave  (the  transverse  wake  wave-field). 
The  Kelvin  wake  is  assumed  to  be  steady,  and  so  the 
Bragg-scatterers  are  phase- locked  to  the  corrugating 
wave.  They  both  have  the  same  component  of  phase 
velocity  along  the  ship's  track,  namely,  the  ship's 
speed.  The  corrugating  field  is  not  particularized  to 
the  detailed  Kelvin  wake  structure  but  is  left  as  an 
infinite  sinusoid.  A  spectral  description  is  used  for 
the  Bragg  scatterers  rather  than  a  correlation 
description.  This  offers  a  simplified  interpretation 
based  on  narrow-band  processes,  although  the  Bragg 
scatterers  are  also  left  unspecified  in  detail.  The 
problem  is  solved  in  terms  of  a  filter  function  which, 
when  applied  to  the  Bragg  scattering  divergent  wave 
field,  provides  the  unsquared  complex  SAR  image. 

A  mismatch  in  aircraft  speed  is  allowed  for  in  the 
processing,  and  the  beam  and  pulse  shapes  are  assumed 
to  be  Gaussian. 


I(x',x0,t') 


z2we2 

4tt2c2R*A 


exp 


2luc  x02 

x02+z02 


+  i£c  (r1+r2-2r0)  -  {<Zl -Vt> )2} 


-  <a+*2:&>>2  fw'2T>-nl  (2) 

2c2V  °  J 


where 


ri  «  Jx'2+(y'-vt')^+z^  , 

(3) 

*2  “  rl 

W 

to  “  Jx02+(yo'vlt')2+Zo2  • 

(5) 
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In  the  coordinate  frame  used  here,  x'(-x',y')  is  a 
horizontal  vector  fixed  to  the  ambient  ocean  surface, 
z  and  z0  are  the  height  of  the  aircraft  above  the  true 
and  ambient  sea  surface  respectively,  V  and  Vj  are  the 
true  aircraft  speed  and  a  (possibly)  mismatched 
version,  both  directed  along  the  azimuth  (y) ,  ue  and 
u'  are  the  central  radar  frequency  and  FM  chirp  rate, 
Ts  and  Ys  are  pulse  lengths  in  time  (range)  and 
beamwidth  (azimuth)  to  the  e^-points  for  a  Gaussian 
beam,  R  is  the  slant  range  from  radar  receiver  to  the 
scene  centre,  A  is  the  time  interval  between  pulses 
and  c  is  the  radar  signal  propagation  speed.  The 
horizontal  coordinate  vector  x0  refers  to  the 
processed  scene  in  ground  coordinates. 

A  Fourier  transform  description  for  ?  will  now  be  used 
and  the  r's  of  Equations  (3)  to  (5)  will  be  binomially 
expanded  about  a  common  position  and  terms  up  to  and 
including  second  order  in  deviations  from  this 
position  will  be  kept.  The  altitude  z  in  Equation  (3) 
will  also  be  allowed  to  be  a  function  of  position  in 
order  to  describe  the  effect  of  the  height  of  the 
corrugating  wave. 

The  entire  wake  wave-field  including  the  corrugating 
portion  is  reducible  to  a  steady-state  by  a  simple 
transformation  to  coordinate  axes  moving  with  the 
source  ship.  Thus,  with  c,  as  the  ship's  velocity, 
and  with  distance  measured  from  the  ship  being  given 
by  ij,  the  following  pertain: 

n  -  x' -cst'  ,  (6) 


c(x'  ,t')  -  c(rf)  , 
and,  from  Equation  (1) 

W(x0)  -  XX  c(q)  X  KJJ+Cst'  ,x0,t')dt'd5  .  (7) 

-00  -00 

The  divergent  wave- field  c  can  now  be  expressed  as  a 
two-dimensional  Fourier  transform, 

t(q)  -  XX  p(E)eik,,7di<  (8) 

-00 

so  that 


and  it  contains  all  of  the  frequency-shaping,  phase- 
shifting  and  demodulation  that  the  SAR  process  applies 
to  the  c- field  in  the  Fourier  domain.  In  this  steady- 
state  formulation,  all  of  the  fluid-dynamically 
interactive  effects  of  the  corrugating  field  and  its 
currents  on  the  t -field  are  contained  in  p(K)  and  need 
not  be  expressed  explicitly. 

To  progress  further  with  the  Kelvin  wake  problem  it  is 
necessary  to  return  to  Equations  (2)  to  (5)  and  expand 
the  expressions  for  ri,r2  and  r„  using  the  definitions 


x'  -  x0  +  n  , 
y0  -  Vj.t'  +  q" 

Ro  “  Jxo2+Zo2 


y’  -  Vt'+y"  , 

z  +  «t(5) 

the 


(12),  (13) 
(14),  (IS) 
(16) 

(corrugating) 


Here  ct  represents  only 
part  of  the  Kelvin  wake. 


z  - 


transverse 


With  terms  expressed  up  to  and  including  second  order 
in  ft,  y",  q"  and  ct, 


rl  -  42 

n  ,  /ixn+  Ct-.Zo  j.  u2+y"2+tc2 

.  ioV 

‘'0  ■  — 

R0  2Rq 

2R03 

/Ktxozo 

z«2c-2 

-  Ea-iS-  + _ 

(17) 

Ro3 

2R03 

r0  -  Ro 

+  a^2  +. . 
2R0 

(18) 

and,  from  Equations  (2)  and  (12)  to  (14) 

I(x',x0,t')  -  l(p,y,,,x0,q”)  (19> 

21u>c  +  ±!f£4>(,j,y",q") 

c  R0  c 

y"  2+ [  y  *’  +  (V-Vl)/Vl(yo-q")l2 


„2U„2 


4x2Wc2r  4& 


exp 


P(E>  -  -L  XX  r(^)e-ik'l?dij  ,  (9) 

4x4  ,<a 


(pXo+ctZojZ^'ZTg^-D^TgW 


(20) 


and  W(xQ)  -  X/  p(£)eik*xo 

-eo 


X  (XX/  eik’(’!-xo) 


I(5)+cst'  ,x0,t')de'dij)d& 


(10) 


The  term  e^k*xo  is  taken  out  explicitly  In  the 
integrand  of  this  last  expression  in  order  that  W(x0) 
may  be  seen  to  be  simply  a  filtered  version  of  c  by 
comparing  Equations  (10)  and  (8).  The  filter 

function,  denoted  Q2,  is  given  by  the  terra  in  the 
braces  in  Equation  (10),  i.e., 

Q2(K;x0)  -  X//  eik*(,?-xo)l(?+cst',xo,e')dt'd^  (11) 


where 


*0»,y\q">  -  ri+r2-2r0 


oPxo+ttZo  +  P2Zq2  +  v"2-d"2 
Ro  RqS  Ro 


+  ^t2xo2  .  oMttxoZo 

Ro3  Ro3 


and  whore,  by  Equations  (6),  (12)  and  (14) 


(21) 


ft  -  9x-xo+csx(yo-<l")/Vl  •  <22> 

y”  -  9y+(csy-V)(y0-q")/Vl  .  (23) 

Here,  tjx  and  Vy  are  tke  components  of  rj,  and  c,x  and 
c,y  are  components  of  c,. 
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The  integration  in  t'  in  Equation  (11)  can  be 
performed  after  converting  t’  to  q"  with  the  use  of 
Equation  (14),  and  the  result  is 


Q2<S;x0)  -  SI  eik"(r)-x0)Krt,x0)d^  (24) 

-CO 

where 

K(q,X0)  -  -  — -  Jllg — eAl+Bl2/4ci  (25) 

4s2c2r04AVi  J 2 |Ci | 

To  obtain  this  expression,  the  argument  of  the 
exponential  in  Equation  (20)  has  been  written  as 

arg  -  A]+Biq"-Ciq"2  (26) 

and,  by  substitution  of  Equations  (22)  and  (23)  into 
(21)  and  (20)  and  subsequent  Inspection,  the 
coefficients  A1(  Bj  and  C;  can  be  readily  obtained. 
They  will  not  be  expressed  explicitly  here,  but, 
because  of  the  original  quadratic -form  expansions  of 
rj,  r2  and  r0,  it  can  be  noted  that  arg  itself  is,  at 
most,  quadratic  in  products  of  r?  and  q",  and  so,  Aj  is 
quadratic  in  q,  B!  is  linear  in  r;  and  C[  is  constant. 
The  same  orders  exist  for  9 1 .  A  further 
simplification  will  also  be  made  to  these 
coefficients,  namely  that  terms  quadratic  in  the  small 
quantities  |cJ/V  and  s,,/R0  will  be  ignored.  For  the 
usual  range  of  SAR  parameters,  these  quantities  are  of 
order  0  1  or  less  and  the  ignored  quadratic  terms  are 
always  dominated  by  linear  counterparts. 


Rosy 


Mr  ns 


(l-4(!ME)2<^»)2Zo(^i£)  ,1/2 

“c  Yg  3 y2  0 


(1  +  HSX) 


(31) 


The  expression  for  Resx  is  unmodified  by  the  presence 
of  (to  this  order),  but  it  can  be  seen  that  Resy 
can  be  significantly  altered  by  ct's  curvature.  This 
gives  rise  to  the  possibility  of  brightened  spots 
appearing  in  a  wake  image  at  positions  where  there  is 
a  coincidence  of  maximum  (positive)  32ct/3y2,  and 
Bragg  scatterers  in  the  diverging  wake  components. 

For  stronger  conclusions  the  form  of  ct  will  be 
specified  more  fully  and  numerical  evaluations  will  be 
performed. 


The  specific  values  chosen  for  numerical  treatment 
pertain  to  the  Canada  Centre  for  Remote  Sensing  L-band 
system  (originally  constructed  by  the  Environmental 
Research  Institute  of  Michigan)  as  configured  in  July 
1983  and  used  in  overflights  of  Dabob  Bay,  WN  (Hughes 
and  Dawson,  1988).  For  JOWIP  8/2 


uc  -  2jt  (1.185)109  rad/s  (32a) 
u’  -  2m  (33.3)1012  rad/s  (32b) 
x0  -  3033.5  m  (32c) 
z„  -  7010.0  m  (32d) 
y0  -  0  m  (32e) 
Yg  -  162.1  m  (32f) 
Ts  -  0.951  10'6  s  (32g) 


where  the  last  two  values  are  Gaussian  equivalents 
which  result  in  unperturbed  resolution  widths  of  ,f20  m 
in  both  directions.  For  JOWIP  8/2, 


3-  Results 

Without  specifying  the  functional  form  of  on  Jj,  the 
Fourier  transform  represented  by  Equation  (24) 
cannot  be  carried  out.  However,  insight  can  be  gained 
into  possible  effects  of  in  the  resulting  image,  by 
examining  the  special  case  in  which 


V  -  134  m/s  (32h) 

c,  -  8  m/s  -13°  off  azimuth  (32 j ) 

and  the  amplitude  of  the  corrugating  wave  had  a  value 
of 

Co  “  0.1  m  (32k) 


c»x  -  0  (27) 

i  e.,  the  source  ship  travelling  parallel  to  the  SAR 
aircraft  track,  and 


at  a  distance  of  -2.5  km  behind  the  source  ship  (USS 
QUAPAW)  (Hammond,  et.al.,  1985).  For  this  ship  speed, 
the  corrugating  transverse  wake  component  wavelength 
is 


9t  -  Co  +  9y(M)0  +  |9y2(gp)0  .  (28) 

(For  simplicity,  the  processor  mismatch  is  also  set 
equal  to  zero,  i.e.,  V-Vj.) 

The  surface  underlying  the  Bragg-wave  is  thus  given  a 
tilt  and  a  curvature  in  the  azimuthal  direction 
(only).  The  argument  of  the  exponent  in  Equation  (25) 
can  be  put  in  a  quadratic  normal  form 


-  41  m  (32m) 

calculated  from  the  gravity  wave  formula  2mcs2/g. 

The  corrugating  wavefield  ct  is  modelled  as  a  simple 
sinusoid.  This  idealization  is  used  because 
variitions  in  actual  ct's  perpendicular  to  the  wake 
axis  are  minimal  particularly  near  the  axis  where  the 
L-band  Bragg  waves  are  located  in  the  diverging  field. 
Thus, 


arg  -  A  -  ((>lx-xs)/Resx]2lnl6 


Ct  -  Tocos(^2l’)xsAn^+9ycos^ )+^) 


(33) 


-  ((9y-ys)/Rasy!2lnl6  (29) 

where  Resx  and  Rcsy  represent  full-widths  at  half¬ 
maximum  and  x,  and  ys  represent  the  position  in  rj  at 
which  the  maximum  occurs.  For  the  case  presented  by 
Equations  (27)  and  (28), 


Rcsx  - 


u' xpTp _ 

(l+l/u'2Tg4)V2 


(30) 


where  $  is  the  angle  of  the  ship's  track  with  respect 
to  the  aircraft  track  (13°  for  the  present  example), 
and  4  is  a  parameter  that  allows  the  full  range  of 
phase  of  ct  to  be  Investigated  numerically. 

In  the  absence  of  a  corrugating  perturbation,  Q2 
(Equation  (24))  is  a  general  two-dimensional  Gaussian 
form  in  K  and  it  can  be  described  by  its  maximum 
height,  the  wavenumber  position  at  maximum,  and  the 
widths  along  the  E-axes  to  the  half-maximum  points. 
This  is  illustrated  in  contour  form  in  Figure  1.  If 
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the  peak  Is  also  rotated,  the  angle  of  rotation  Is 
necessary  to  complete  the  description.  In  the 
presence  of  the  perturbation,  these  parameters  change, 
and  the  effect  of  the  perturbation  can  be  described 
fully  by  the  amounts  of  the  changes.  Figure  2  shows 
the  changes  in  form  of  the  half-maximum  contour  of  Q2 
for  different  phases,  i.e.  different  values  of  ^  in 
Equation  (33),  along  the  corrugating  wave.  Figures  1 
and  2  both  use  the  parameters  specified  in  Equations 
(32a)  to  (32m)  except  for  Equation  (32k).  Figure  1 
uses  co-0  and  Figure  2  uses  co-0.5  ra. 


K,  (foJ/m) 
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Figure  1.  Contours  of  Q2  in  the  absence  of  a 
corrugating  wave  (i.e.  so-0)  but  with  the 
source  travelling  along  0-13°.  The  lst- 
Bragg  wavenumber  for  this  case  is 
(-19.712. ., -0. 13238. . )  rad/m.  The  dotted 
line  indicates  the  extreme  in  propagation 
direction  (2.20°)  for  Qz  at  its  half¬ 
maximum. 


Ky  (rod/m) 

-50  -to  -30  -10  -W  0.0  to  20  30  to  50 


Figure  2.  The  half -maximum  contour  of  Q2  for  various 
phases  (degrees)  along  a  corrugating  wave 
of  amplitude  c„-0.5  m  propagating  at  0-13° 
to  the  azimuthal  direction.  Note  different 
scales  from  Figure  1. 

Without  a  corrugating  wave,  it  can  be  seen  from  Figure 
1  that  surface  waves  with  a  wavenumber  centered  at 


-19.712. . ,-0.132  rad/m  and  within  a  circular  band  of 
width  ±0.6240. . .rad/m  are  accepted  by  the  processor 
with  a  gain  of  between  1  and  O.S.  This  bandwidth 
implies  that  all  waves  propagating  at  an  angle  within 
±1.81°  centered  at  0.38°  off  this  range  direction  and 
with  a  kx- value  of  -19.712  rad/m,  are  accepted  by  the 
processor  with  a  gain  reduction  of  no  more  than  a 
factor  of  2.  (The  slight  offset  of  the  peak  from  ky-0 
is  due  to  the  non- zero  value  of  0,  i.e.  the  non- zero 
value  of  c5x.  This  range -component  of  motion  in  the 
Bragg  scattering  wavefield  coupled  with  the  aircraft 
motion  and  time  interval  between  successive  radar 
pulses  results  in  a  slight  skewing  of  the  Bragg-wave 
field  in  the  SAR  pattern.) 

With  a  corrugating  wave  as  used  in  Figure  2,  it  can  be 
seen  that  the  surface  wave  wavenumbers  accepted  by  the 
processor  vary  over  a  much  more  considerable  range, 
allowing  waves  propagating  at  up  to  11.5°  to  the  range 
direction  to  be  "seen"  (at  ^-90°),  with  a  gain 
reduction  of  no  more  than  a  factor  of  2  from  the  peak 
value.  This  variation  is  depicted  more  fully  in 
Hushes  (1989). 


The  extreme  ky-values  are  largest  for  ^-110°  (and 
smallest  at  290°) .  Using  the  central  k*-value  of 
-19.712  rad/m,  the  extreme  values  represent  surface 
waves  propagating  at  angles  with  respect  to  the  range 
direction  as  shown  in  Figure  3.  Here  the  propagation 
angles  are  given  as  a  function  of  c0,  and  propagation 
directions  that  pertain  to  the  center  of  the  processor 
peak  are  also  given.  The  displayed  data  shows 
strongly  linear  dependence  with  c„,  and  very  little 
variation  for  0 -values  over  the  range  0-0°  to  13°. 

The  peak  values  of  Q2  for  c0  -  0.5  metres  vary  only 
over  the  range  3.35  to  4.90,  only  1.6  dB,  and  so  the 
direct  variation  of  Q2  is  a  relatively  minor  amount. 
For  the  Kelvin  wake  problem,  the  periodic  variation  of 
the  filter  window  in  ky-space  is  potentially  much  more 
significant. 

For  experimental  comparisons,  there  are  three  images 
of  clear  narrow-V  wakes  that  were  taken  during  the 
JOWIP  measurements,  those  designated  J0W1P  8/2,  8/3 
and  9/2.  They  are  shown  in  Figure  4.  From  these 
images  the  orientation  of  the  most  steeply  inclined 


Figure  3.  Surface  wave  propagation  direction  (as 
measured  from  the  range  coordinate)  versus 
amplitude  t0  of  the  corrugating  wave. 
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8/2  8/3  9/2 

Figure  4.  SAR  images  of  narrow-V  wakes. 

narrow-V  arms  for  each  pass  have  been  measured,  with 
respect  to  the  SAR  aircraft  track,  and  the  values  are 
given  in  Table  1.  Ship  track  angles  as  determined 
from  the  positioning  equipment  are  also  included  for 
each  of  these  runs  (Hughes  and  Dawson,  1985). 

Table  1.  Ship  Track  and  Steepest  Wake  Arm 
Inclination  to  SAR  Track 


SAR  Pass 

Wake  Arm  Angle 

Ship  Track  Angle 

8/2 

18° 

13° 

8/3 

15° 

11° 

9/2 

11° 

9° 

It  can  be  seen  from  the  Table  that  the  wake  arm 
inclinations  are  of  the  same  order  or  are  larger  than 
the  processor  acceptance  angles  (at  half-maximum)  for 
?o-0.5  m.  However,  the  variational  effects  just 
described  will  contribute  strongly  toward  enhanced  (or 
decreased)  outputs  in  the  SAR  image  even  for  these 
cases. 

A.  Discussion 

The  SAR  images  of  Kelvin  wake  narrow-V' s  in  the  SAR 
imagery  are  considered  to  be  partly  due  to  some 
randomization  and  intermittency  in  the  wake  structure 
itself,  as  is  inferred  from  experimental  evidence 
(Wyatt  and  Hall,  1988),  however,  the  peculiarities  of 
the  SAR  processor  described  above  do  provide  an 
alternative  mechanism  for  enhancement  of  local  regions 
of  the  wake.  The  fact  that  these  are  predicted  to 
occur  once  per  cycle  of  the  transverse  wave,  and  for 
the  enhancements  in  each  of  the  two  arms  of  the 
narrow-V  to  occur  at  the  same  transverse  wave  phase 
angle,  also  lends  credence  to  the  validity  of  the 
effect,  because  these  are  in  accordance  with 
experimental  data.  No  attempt  has  been  made  to  model 
fully  the  Kelvin  woke  field,  transverse  and  diverging, 
because  it  is  known  that  accurate  results  for  the 
short  wavelength  components  are  very  difficult  to 
achieve,  requiring  complicated  source  descriptions  at 
the  vicinity  of  the  source  ship,  and  also  because  of 
the  intermittency  just  referred  to.  Indeed,  the 
predicted  SAR  processor  variations  are  not  large 
enough  by  themselves,  but  combined  with  the 
intermittency  and  randomization  of  the  direction  of 
the  diverging  wavefield,  they  could  possibly  provide 
the  mechanism  underlying  the  appearance  of  the 


brightened  V-arms. 

The  curvature  effect  examined  in  Section  3,  Equations 
(28)  to  (31),  can  be  much  larger  than  traditional 
velocity  bunching  effects.  The  latter  are  known  to 
produce  radar  cross  section  aberrations  that  are  given 
by 

I^VbI  "  zo  fel  £sa  (34) 
oyz  V1 

where  the  pattern  is  considered  to  be  moving  in  the  y- 
direction  as  a  solid  body  (Hammond,  et.al.,  1985).  The 
comparable  term  from  the  curvature  effect  is 

kcurl  -  zol^£|  2(ii^L2)2  (35) 

Sy2  wc»g 

which  is  obtained  by  integrating  K(ij,x0)  over  all  rj, 
as  if  the  Bragg-scatterers  covered  the  entire  pixel 
area  uniformly,  and  using  Equations  (29),  (30)  and 
(31).  In  Equations  (34)  and  (35)  only  the 
perturbations  in  a  are  given.  The  denominator  in  Resy 
from  Equation  (31)  is  also  expanded  binomially  and  the 
first  non-unity  term  kept. 

For  the  numerical  values  of  Equations  (32a-j),  the 
relative  magnitudes  of  ovb  and  ocur  are  0.06  and  0.5, 
each  of  these  values  coming  from  the  last  terms  in 
Equations  (34)  and  (35)  respectively.  This  evaluation 
is  only  for  a  very  specific  kind  of  surface  (parabolic 
within  the  pixel  area)  and  so  is  only  indicative  of 
possibilities.  But  it  does  show  that  curvature 
effects  are  not  ignorable,  a  priori. 

The  perturbation  in  the  SAR  processor  output  due  to 
the  curvature  of  the  corrugating  wave  can  be 
understood  from  a  simple  geometrical  picture  of  the 
radar  wave  at  the  sea  surface.  In  the  absence  of  the 
corrugation,  a  field  of  plane  radar  waves  incident  on 
the  sea  surface  at  an  angle  0lno  intersect  the  surface 
in  a  series  of  straight  lines  as  shown  in  Figure  5(a). 
In  the  presence  of  a  corrugation  propagating 
perpendicularly  to  the  radar  waves  (in  the 
horizontal) ,  the  intersection  of  the  radar  waves  at 
the  surface  also  becomes  corrugated,  Figure  5(b).  The 
corrugation  appears  not  only  in  the  vertical  but  in 
the  horizontal  as  well  (for  SlBQ  *  0°  or  90°),  and 
because  of  this  the  local  horizontal  wavenumber 
directions  associated  with  Bragg  scattering  can  be 
considerably  deflected  azimuthally  from  that  of  the 
main  radar  beam,  Figure  5(b). 


From  Figure  6(a),  it  can  be  seen  that,  with  z  upwards, 
the  radar  crest  that  just  intersects  the  sea  surface, 
as  shown,  does  so  at 

zj  -  (xr-ztan0lne)tan0jnc  (36) 

If  the  surface  height  is  specified  by  a  long  surface 
wave  with  height  c  given  by 

c  -  c.coslk^x+il  (37) 

where  c0  is  the  wave  amplitude,  U  is  its  wavenumber, 
x-(xr,xa)  are  range  and  azimuth  coordinates,  and  ^  is 
an  arbitrary  phase  angle,  then  the  intersection  takes 
place  at 


which,  by  Equations  (36)  and  (37)  is  at 
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with  the  Ambient 


(o)  (b)  Su,lace 


Figure  5.  Intersection  of  the  radar  beam  and  the  ocean  surface  (a)  non- 
corrugated,  (b)  corrugated. 


xr-ztan0ine  -  — is — cos(k?x+^)  .  (39) 

tanffinc 

This  last  can  be  solved  for  xr  in  terms  of  x,  (in 
principle)  giving  the  horizontal  shape  of  the 
intersection  lines.  For  a  corrugation  propagating 
along  the  azimuth,  k?x  -  k,x.  only,  and 

xr - - cos  (kaxa-^)+ztanS  £nc  .  (40) 

canine 

Typical  plan  view  intersection  lines  are  shown  for 
this  case  in  Figure  6(b). 


5.  Conclusion 

The  main  conclusion  is  that  large  scale  surface 
curvatures  can  exert  a  major  Influence  on  the 
processed  SAR  imagery  of  Kelvin  wakes.  For  particular 
cases,  as  examined  in  Section  2,  the  curvatures 
associated  with  the  corrugating  effect  of  the  wake's 
transverse  wave  component  can  readily  rotate  the 
processor  Bragg  acceptance  angle  from  being  bore- 
sighted  with  the  radar  beam  to  being  ~10*  fore  or  aft 
of  the  beam.  In  modelling  SAR  imaging  of  Kelvin 
wakes,  particularly  for  narrow-V  effects,  this 
mechanism  should  be  included. 
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where  A,  is  the  wavelength.  For  the  values  of 
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ABSTRACT 

A  moving  ship  produces  a  sot  of  waves  in  a 
characteristic  linear  'V1  pattern.  'Hi is  pattern,  or 
como  of  its  components,  can  often  bo  detected  in 
ocean  imagery  produced  by  satellite-borne  Synthetic 
Aperture  Radar  (SAR)  sensors  operating  at  L-band.  As 
ship  wake  detection  can  provido  information  such  as 
ship  direction  and  speed,  the  detection  of  these 
wakes  can  play  an  important  role  in  satellite 
surveillance  of  shipping. 

Ill  is  paper  describes  research  done  on  tho  use  of 
the  Radon  Transform  to  automatically  detect  ship 
wakes  in  SEASAT-A  SAR  ocean  images.  In  this  work, 
ship  wakes  and  surrounding  ocean  scones  were 
extracted  from  SEASAT-A  SAR  imagery.  Iheso  images 
included  other  naturally-occurring  ocean  phenomena. 
A  variety  of  Automatic  Detection  Algoritlims  (ADA) 
based  on  the  Radon  Transform  were  developed  and 
tested  to  improve  tho  probability  of  dotoction  of 
ship  wakes  and  reduce  tho  false  alarm  rate.  Iheso 
included  lino  length  normalization,  automatically 
analyzing  tho  shapo  of  tho  detected  peaks  in  tho 
Transform,  applying  various  semblance  filters  to  tho 
image,  an!  high-pass  and  Weiner  filtering  of  tho  data 
in  the  Transform  domain.  To  date  tho  use  of  an  ADA 
which  incorporates  a  high-pass  filter  followed  first 
by  a  Radon  Transform  and  then  by  a  Wiener  filter  has 
been  shewn  to  reliably  distinguish  wako  peaks  from 
false  alarm  peaks.  Keywords:  Radon,  SEASAT,  Wako 

1.0  IWfRODUCnOH 

Ship  wakes  can  often  be  detected  in  ccoan  imagery 
produced  by  satellite-borne  Synthetic  Aporturo  Radar 
(SAR)  sensors  operating  at  Irband.  SEASAT-A  SAR  data 
show  these  wakes  as  straight  linc3  on  tho  ocean 
background,  often  extending  for  5  to  15  kilometers  aft 
of  tho  ship.  Because  of  the  motion  of  the  ship 
relative  to  the  SAR  platform,  tho  ship  often  appears 
displaced  in  aziiruth  from  tho  wake. 

The  wakes  seen  in  SAR  images  can  be  divided  into 
components  consisting  of  tho  classical  Kelvin  wako  and 
tho  turbulent  wake.  Iho  turbulent  wake  apprises  the 
turbulent  region  directly  behind  the  ship. 

Ship  wake  characteristics  can  provido  information 
such  a3  ship  direction  and  speed.  Detection  of  tho 
wako  may  also  be  useful  as  a  means  of  inferring  the 
presence  of  a  ship  when  tho  chip  lavage  itself  is 
undetectable. 


Iho  evaluation  of  ship  wake  detection  techniques 
was  based  on  tho  probability  of  detecting  a  wako  (PD) , 
and  tho  false  alarm  rato  (FAR)  of  tho  dotoction 
algorithm.  Falsa  alarms  can  bo  caused  by:  internal 
waves  generated  by  salinity  or  thermal  gradients, 
features  of  tho  underwater  topography,  and  wind  waves. 
Hcwovor,  naturally  occurring  ocean  phenomena  are 
unlikely  to  remain  linear  for  lengths  on  tho  order  of 
tho  ship  wake  length. 


1.1  ME  RADON  TRANSFORM 

Iho  Radon  Transform  of  a  continuous  imago  is 
dofined  as: 

f(P,e)  “  ^3(x,y)iS(p  -  xcooQ  -  yoinO)dxdy 

whore  D  is  tho  ontiro  imago  piano  (1) 
g(x,y)  is  tho  groy  level  at  position  (x,y) 

&(• )  is  tho  Dirac  delta  function 
p  is  tho  radius  coordinate  of  a  straight  lino  and 
0  is  tho  angle  coordinate  of  a  straight  lino. 

Iho  Radon  Transform  converts  a  point  in  imago 
space  to  a  sinusoid  in  tho  Transform  space 
representing  all  tho  lines  to  which  tho  point  could 
bolong.  Iho  sinusoids  of  collinear  points  in  tho 
image  space  intersect  at  a  point  in  tho  transform 
spaco.  Ihis  proporty  allows  tho  enhancement  of  linear 
features  since  collinear  pixels  in  tho  imago,  which 
are  on  avorago  of  different  intensity  than  tho 
background,  produce  a  bright  (higher  than  avorago)  or 
dark  (lewer  than  average)  peak  in  tho  transform  spaco. 
Iherofore  a  bright  or  dark  spot  in  tho  transform 
domain  corresponds  to  a  bright  or  dark  lino  in  tho 
imago.  Iho  integration  process  averages  out  noise  in 
tho  Transform  domain,  so  the  Signal  to  Noise  Ratio  is 
greater  in  tho  Transform  domain  than  in  tho  imago. 
Also,  tho  process  does  not  depend  on  a  lino  being 
continuous  in  nature. 

1.2  RESEARCH  OBJECTIVE 

As  ship  wakes  are  linear  features,  it  was  decided 
that  the  Radon  Transform  would  bo  an  appropriate 
algorithm  to  apply  to  their  detection.  Hcwovor,  wakes 
must  bo  distinguished  frem  naturally-occurring  linear 
features  which  will  also  bo  detected  by  the 
application  of  tho  Radon  Transform,  Ihorcforo  the 
objectives  of  this  work  wore  twofold:  first,  to 
determino  the  utility  of  tho  Radon  Transform  for 
detection  of  linear  features  in  SEASAT  wako  imagery, 
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and  secondly,  to  reliably  distinguish  wakes  from  other 
linear  ocean  features. 

2.0  SEASAT  SAR  IMAGERY 

The  images  used  in  this  study  were  extracted  from 
digitally  processed  SEASAT  ocean  imagery,  supplied  as 
complex  32  bit  image  data.  These  were  converted  to 
magnitude  data,  then  linearly  compressed  to  a  256  grey 
level  image  for  analysis. 

The  set  included  both  images  containing  ship  wakes 
and  images  shewing  only  the  ocean  background.  When 
acquiring  the  data,  land  features  were  used  to 
determine  the  coordinates  of  ship  wakes  of  interest  in 
the  original  SEASAT  data.  Hence,  the  wake  data  used 
in  this  study  consist  mostly  of  images  from  coastal 
regions,  where  linear  features  induced  by  the 
underwater  topography  are  abundant. 

This  study  was  conducted  in  two  parts.  The  first 
part  [2],  involved  the  evaluation  of  the  use  of  the 
Radon  Transform  and  Automatic  Detection  techniques. 
During  the  evaluation  the  techniques  were  applied  to 
19  wake  images.  The  second  part  [3],  currently 
underway,  involves  the  evaluation  of  the  use  of  an 
Automatic  Detection  scheme  based  on  high-pass  and 
Weiner  filtering.  These  techniques  are  being  tested 
on  a  set  of  32  distinct  wake  images. 

Ships  appear  in  the  images  as  small  areas  of 
extremely  bright  returns,  usually  associated  with  one 
or  more  visible  wake  conponents.  These  wakes  are 
frequently  displaced  from  the  ship  return.  This 
occurs  because  SAR  uses  the  Doppler  shift  of  the 
return  target  signal  to  determine  the  position  of  the 
target  in  azimuth,  hence  the  Doppler  shift  due  to  the 
velocity  of  the  ship  may  introduce  an  error  into  its 
calculated  position.  The  exact  offset  depends  cn  the 
speed  and  direction  of  the  ship's  travel. 

The  wakes  themselves  appear  as  bri#it  or  dark 
lines,  often  discontinuous,  generally  in  a  V-shape 
pattern.  Not  all  wake  conponents  are  visible  in  all 
images,  possibly  because  of  the  orientation  of  the 
ship  wake  to  the  SEASAT  sensor,  or  varying  ocean 
conditions.  The  most  frequently  visible  wake 
conponents  are  the  dark  turbulent  wake  and  the  bright 
wake  arms. 

The  evaluation  of  the  wake  detection  algorithms 
ideally  requires  comparison  with  independent  data  on 
the  position  and  characteristics  of  the  ships  and 
wakes  in  each  image.  Such  data  were  unavailable  for 
the  images,  so  the  conparison  was  made  against  the 
positions  of  visually  detected  wake  conponents.  Tire 
positions  of  automatically  detected  wake  conponents 
were  compared  with  those  of  the  manually  detected 
conponents.  l'f  they  corresponded,  the  Automatic 
Detection  was  considered  to  have  detected  the 
component.  If  they  did  not  correspond,  it  was 
considered  to  be  a  false  alarm.  The  visual  inspection 
could  not  differentiate  between  bright  and  dark  wake 
conponents,  since  some  components  consisted  of  closely 
spaced  bright,  and  dark  lanes.  Therefore  in  the 
evaluation,  a  distinction  was  not  trade  between  bright 
and  dark  conponents.  The  Automatic  Detection  Algorithm 
(ADA)  would  consider  a  detection  as  being  correct 
regardless  of  whether  it  was  truly  dark,  or  truly 
bright.  It  could  not  tell  the  difference. 


3.0  EVAUJATION  OF  THE  RADON  TRANSFORM 

3.1  DETERMINATION  OF  OPTIMUM  IMAGE  SIZE 

The  performance  of  the  Radon  Transform  in  the 
detection  of  linear  features  is  optimised  when  the 
length  of  the  feature  of  interest  is  comparable  to  the 
size  of  the  image.  It  was  determined  for  our  data 
that  an  image  size  of  approximately  400x400  pixels 
(6.4  km  x  6.4  km)  gave  optimum  results.  Based  on 
these  results,  a  standard  set  of  19  400x400  pixel  wake 
images  was  chosen  for  use  in  the  preliminary  testing. 
Another  set  of  400x400  adjacent  ocean  images 
containing  no  visually  obvious  wake  conponents  were 
also  extracted  to  determine  the  performance  of  the 
Radon  Transform  on  apparently  uniform  ocean  regions. 

3.2  EFFECT  OF  SHIP  REIURNS  ON  TRANSFORM  PERFORMANCE 

The  ships  appear  in  the  imagery  as  small  areas 
of  extremely  bright  returns.  These  'swamp'  the 
transform  with  very  bright  sinusoids,  making  detection 
of  wake  peaks  difficult.  To  alleviate  this  problem  a 
threshold  was  determined  and  incorporated  into  the 
Radon  Transform,  so  that  these  very  bright  pixel 
values  would  be  ignored  in  determining  the  transform. 

3.3  RADON  TRANSFORM  PERFORMANCE 

A  Radon  Transform  was  performed  on  the 
preliminary  image  set,  with  image  mean  subtracted  and 
threshold  level  set  to  a  predetermined  value  to 
eliminate  ship  returns.  An  ADA  was  then  applied  to  the 
data.  The  ADA  first  calculated  the  mean,  m,  and 
standard  deviation,  a,  of  the  Radon  transform  of  an 
image.  A  threshold  was  calculated  as  ml(K*cr) ,  the  plus 
or  minus  sign  depsending  on  whether  bright  or  dark 
peaks  wore  to  be  detected.  In  the  threshold  equation  K 
is  a  user-defined  parameter,  generally  set  equal  to  4. 
The  transform  was  then  processed  with  this  threshold 
to  produce  a  bitmap  of  the  bright  or  dark  region  of 
interest.  Each  connected  bright  or  dark  region 
represented  a  detected  wake  component.  The  psosition 
and  direction  of  the  component  were  defined  by  the 
pxssition  of  the  maximum  or  minimum  of  the  transform  in 
the  region  under  the  bitmap. 

The  transforms  of  the  uniform  ocean  areas  did  not 
shew  many  features,  although  the  sinusoidal  nature  of 
the  transformation  of  each  image  pxsint  was  usually 
visible  in  the  transform  space. 

The  transforms  of  the  ship  wake  data  shewed,  as 
expected,  bright  or  dark  sinusoids  converging  at  a 
paint  corresponding  to  each  of  the  ship  wake 
conponents.  The  probability  of  detecting  a  component 
as  a  bright  wake  was  0.5,  and  as  a  dark  wake,  0.25. 
Overall  the  ADA  detected  21  out  of  30  wake  components 
(bright  and  dark  wakes  combined)  for  an  overall  PD  of 
0.7.  The  sum  of  the  bright  and  dark  wake  PD  is 
greater  than  the  overall  PD  since  some  conponents  were 
detected  as  both  bright  and  dark  wakes.  Visual 
examination  of  the  transforms  detected  29  out  of  30 
wake  conponents  from  their  associated  peaks.  In 
general ,  the  AT1A  did  not  detect  the  missed  pieaks  found 
in  the  visual  inspsection  because  they  fell  belcw  the 
selected  4a  threshold.  Lowering  this  threshold 
improved  the  ADA  performance  for  these  peaks,  but  also 
increased  FAR  substantially.  It  was  found  that  at 
least  one  of  the  wake  components,  in  any  wake,  could 
be  detected  with  a  PD  =  1  in  all  the  images.  The  FAR 
was  typically  3.8  false  alarms  per  400x400  pixel  image 
for  bright  wakes,  and  1.6  for  dark  wakes.  As  the  use 
of  the  Radon  Transform  for  wake  detection  is 
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ultimately  under  conuidoratlon  lor  satellite 
surveillance  of  chipping  applications,  whore  largo 
ocean  areas  must  bo  rapidly  searched,  Uie  FAR  values 
wore  unacceptably  high.  It  was  therefore  concluded 
Uiat  improvement  must  bo  mule  to  tlio  AIlA  to  increase 
Uio  PI)  and  rcduco  Uie  FAR. 

4.0  IWlWVBffitnS  TO  'IT IE  BASIC  AHA 

Based  on  Uio  conclusions  drown  above,  ccvoral 
tcdiniques  worn  developed  and  tested  as  methods  of 
increasing  the  PD  and  reducing  FAR.  ’ITicoo  tcdiniques 
included:  normalizing  tlio  transform,  doing  peak  sliapo 
measurements,  using  di  .ectioivi]  semblance,  and  using 
high-pass  aid  Weiner  filtering. 

4.1  LINE  UIWIII  NORMAL! ZATlCi ) 

Hie  lengths  of  the  lines  that  are  integrated  in 
tho  previously  defined  Radon  transform  depend  on  tlio 
position  in  tlio  imago;  lines  crossing  a  corner  of  tlio 
imago  are  shorter  tdian  linos  through  tho  middle.  'Ihis 
produoos  a  position  bias  in  tlio  ADA;  wakes  along 
shorter  linos  will  be  loos  likoly  to  produce  peaks 
exceeding  the  threshold.  TO  rcduco  tills  problem  Uiq 
transform  values  wore  normalized  to  tho  lengths  of  tho 
associated  Images  lines,  so  that  tho  transform  value 
was  tlio  avorage  grey  level  along  cadi  lino  rather  tlinn 
the  sum  of  tlio  grey  levels. 

'Hilo  process  produced  a  slight  decrease  in  FAR 
with  no  chango  in  PD.  ’itio  sample  size  was  not  largo 
enough  to  dotarmino  if  tlio  dianges  wore  significant. 

4.2  PEAK  SHAPE  MEASUREMENT 

In  tlio  data  analysis  thin  linear  ocean  features 
showed  up  as  -a  'bowtio'  shape  around  tho  central  peak 
in  tlio  Radon  transform  while  broader  linear  features 
and  non-linear  features  shewed  up  poorly  or  not  at 
all.  'ITierofore  it  was  believod  tliat  algorithms  which 
examine  the  peak  chape  in  tlio  Radon  Transform  might 
assist  in  distinguishing  ship  wakes  from  false  alarms. 

An  algoritlim  to  measure  tho  peak  cliape  of  tho 
detected  transform  peaks  was  developed  and  tested  on 
tho  initial  image  sot.  Using  this  algoritlim  the 
strength  of  tlio  lines  through  tho  transform  peak  was 
found  by  averaging  the  two  pixels  on  either  side  of 
the  peak  in  each  of  tho  six  possible  directions.  For 
true  wake  components  tlio  maximum  strength  directions 
and  minimum  strength  directions  tended  to  bo  at  right 
angles,  and  tlio  differences  were  quite  largo.  'Iheso 
results  were  used  to  dotormlno  a  simple  set  of  rules 
for  discrimination  of  peak  sliapo.  'iheso  rules  wore 
incorporated  into  tho  ADA.  'Ihe  results  of  tho 
application  of  the  ADA  to  the  preliminary  data  sot 
showed  a  strong  decrease  in  FAR,  and  hence  looked 
premising  as  a  means  of  enhancing  ADA  performance. 
Hcwavor,  when  tho  technique  was  examined  for  the  moro 
recently  acquired  data  cot,  tlio  peaks  associated  with 
less  obvious  wake3  or  wake  components  did  not  exhibit 
a  well-defined  bcwtic  shape,  and  tho  tecliniquo  wa3 
therefore  abandoned. 

4.3  SHIDLAHCr;  TECHNIQUES 

Semblance  is  a  second  order  statistic  defined  as: 

S  =  (E  g)1  /  N  2  g’ 
w  w 

where:  g  is  tho  pixel  grey  level  value 

w  is  tho  region  or  window  tho  sum  is  taken 
over,  and 

11  is  tlie  number  of  samples  in  tho  windew. 


Semblance  ranges  between  0  and  1,  and  is  a  measure 
of  Uio  similarity  of  tho  data  within  the  cample 
windew. 

Previous  work  indicated  that  semblance  tcdiniques 
may  i«  useful  for  c.nl lancing  tho  visibility  of  wakes  in 
SEASAT  images.  Hence  it  was  decided  to  investigate 
the  use  of  semblance  filters  on  our  data. 

Various  semblance  preprocessors  were  developed  and 
tried  on  our  data.  'Ilio  most  promising  of  these 
tcdiniques  was  tlio  Directional  Semblance  Filter  (DGF). 
'lliis  filter  is  a  modification  of  tlio  semblance 
algorithm  tailored  to  preferentially  detect  tho  long 
narrow  linear  wake  features.  It  determines  tlio 
semblance  Cor  a  set  of  long  narrow  windows  centred  on 
oadi  pixol,  covorlng  the  entire  range  of  directions. 
It  can  bo  combined  with  a  Radon  transform  to  produce 
an  output  similar  to  that  of  tho  basic  Radon 
Transform,  but  containing  moro  directional 
information,  'lho  definition  of  tlio  DSF  is: 

S(K|1'D)  "  (w^)C(i'J))V("w?d)tC'(i'j)3) 

whore  W(d)  is  a  wlndcw  in  the  imago  centred  at  (k,l) 
and  lying  along  a  direction  defined  by  d. 

Comparison  of  peak  heights  for  detected  wakes 
Indicated  that  tlio  semblance  filtering  enhanced  dark 
wakes  but  degraded  vory  bright  wakes.  Faint  bright 
wakes  were  not  degraded  and  in  some  cases  wore 
calia  need  by  the  semblance  process.  Hcwevor, 

application  of  Uie  semblance  tcdiniques  also  Increased 
FAR,  bccauco  the  dark  lino  sensitivity  was  drastically 
increased.  'Hits  caused  tho  detection  algorithm  to 
find  many  spurious  dark  lines  in  the  imago,  wliidi  wore 
not  associated  wiUi  Uie  ship  wake. 

'lho  application  to  Uio  data  of  lino  lengU) 
normalization  and  peak  sliapo  detection  filters  offset 
tho  increased  FAR  values  associated  wlUi  tho 
application  of  directional  semblance  tcdiniques. 

4.4  HIGH-PASS  AND  WEINER  FILTERING 

'lho  techniques  developed  on  the  preliminary  data 
sot  wore  reevaluated  on  a  new  data  set  of  37  distinct 
SEASAT  wakes.  'flio  use  of  peak  shape  detection 
algoritlims  did  not  produce  Uie  results  hoped  for  when 
applied  to  Uio  larger  data  set. 

'lho  wako  data  were  first  inspected  to  determine 
Uie  Signal  to  Nolco  (S/N)  Ratio  of  Uio  wako  features 
vs.  Uio  ocean  background  in  Uio  Radon  domain. 
AlUiough  Uio  wako  components  are  detectable  in  that 
Uiey  are  Uio  highest  or  lowest  points  in  tho 
transform,  tho  (S/N)  Ratio,  defined  as  Uie  ratio  of 
Uio  wako  maxima  or  minima  to  Uie  overall  standard 
deviation  of  Uio  transform,  was  small. 

Preliminary  testing  using  a  simple  running  mean 
filter  wiUi  varying  window  sizes  on  a  few  wako  images 
shewed  an  increase  in  tho  S/N  ratio  for  some  windew 

UlStWl  AIIJU?  1IM1MIT.TM  UMlb  VIIVIV  WUUVAM  UbJI  lAi.  IVAUIV 

broad  features  in  the  ocean  background.  'Therefore  it 
was  decided  to  test  a  high-pass  filter  on  several  wake 
images,  which  were  first  expressed  by  two  to  increase 
processing  speed.  A  broad  range  of  windew  sizes  was 
used  for  tho  filtering,  ranging  firm  10x10  pixels  to 
30x30  pixels,  nils  filtering  produced  a  significant 
inercaso  in  the  SNR  of  tho  filtered  vs,  tho  unfiltered 
images,  and  hence  a  significant  increase  in  the 
detectability  of  the  wako  components.  It  was  found 
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tint  dct oct ,ibi  1  ity  was  dependent  on  the  size  ol  Uio 
wiixlow  icl.it  ivo  to  Uio  loixjth  of  Uio  wake  components 
in  Uio  invicjo.  As  Uio  wiixlow  size  approaches  Uio  size 
of  Uio  imigo,  tlio  el  I  eel  ol  tlio  f  Uterine)  disappears. 
Uio  dotoct'abil  ity  ol  cl.uk  .HXl  liricjlit  waken  wan 
enlianccd  using  tliir.  todmicpie. 

Tlio  improvement  In  dotoctabi  1  iky  of  w.iko 
ocm]x>nonts  vii.  false  alarms,  obta i nod  uuiixj  Uio  tiirjli 
puis  tiller,  its  very  significant  because  Uio  PFA  rails 
ofl  very  rapidly  wiUi  an  increase  in  Uio  8HR.  For 
example,  a  10%  increase  in  Uio  S/H  ratio  (doflncid  on 
tlio  provioun  page)  Iron  6.0  to  6.6  standard 
dovi.it  ions  ol  tlio  Gunsixxl  anplitixlo  in  Uio  Radon 
dune  in,  brings  an  onior  of  magnitude  reduction  in  Uio 
I’robabi  1  ity  ol  False  Alarm. 

'Ilio  alxavo  results  led  to  a  new  Radon  Trans fonn 
system  lor  delecting  wakes  in  an  ocean  background  and 
distliTjuishiix)  Uiem  from  false  alarm  peaks.  Uio 
individual  'ito[>r.  in  Ulis  system  are  discussed  bolcw. 

If  Uio  invicjo  is  largo,  an  imigo  compression 
program  is  run;  Uiis  replaces  Uic  pixels  in  a  square 
witxlcw  by  a  single  pixel  containiixj  Uioir  sum.  Uiis 
dr.iituiiivil  ly  reduces  tbe  time  ntxl  complexity  of  Uio 
subsequent  steps  wiUiout  signif Jointly  altering  Uio 
results  obtained.  next,  a  bicjli  pass  or  running  mean 
filter  is  used  to  remove  broad  features  in  Uio  soa 
ixioktjrouixi .  'Ilien  a  nonr.d  izod  Radon  transform  is 
applied.  Followirxj  Uiis,  an  automitic  peak  detection 
algorithm  is  employed,  which  consists  of  a  simple 
Uirocliold  combined  wiUi  a  Vocal  maximum  or  miniimim 
detector.  ’Hie  peaks  returned  lay  Uiis  detection 
algoriUim  are  Wiener  filtered  using  pixels  in  a  7x7 
scpiaro  wiixlow  around  the  peak.  Uio  effect  of  Uio 
filter  is  to  produce  <1  further  separation  in  Uio  S/H 
ratio  between  wake  and  (also  alarm  peaks  of  between  10 
to  POX.  To  elite,  of  the  17  wake  images  evaluated  with 
this  technique,  all  wake  components  are  detected  wiUi 
a  false  alann  rate  of  zero. 

6.0  0011CI1JS10HS 

Uio  Radon  Transform  corrb  i  nod  wiUi  a  simple 
Automitic  Peak  slinpo  detection  algoriUim  can  detect 
almost  all  visible  wakes  in  an  imago.  However  Uic 
False  Alarm  Rite  associated  wiUi  the  use  of  Uiesc 
tecliniciues  is  unacceptably  high  for  satellite  ship 
curve ill.anco  appl  iucitions. 

'lhe  use  of  Directional  Semblance  com! lined  wiUi 
line  rsormil  i ration  and  peak  sli<i|x>  detection  was  of  use 
in  dotectiixj  wake  components  reliably,  however,  Uic 
associated  false  alarm  rates  were  still  unacceptably 
tiicjli. 

'lhe  use  of  an  AIVi  based  on  Uio  application  of  a 
hiejh-pass  filter,  Radon  Transform  and  Weiner  filter  is 
Uie  moot  promising  todmiciuo  to  date,  giving  a  PD  of  1 
and  FAR  of  zero  for  Uio  37  wakes  to  which  it  was 
applied,  'lhe  high-pass  filter  significantly  improved 
Uie  SHR  ol  Uie  filtered  vs.  unfiltcrcd  wake  images  by 
removing  many  of  Uie  broad  features  in  Uie  ocean 
ivx-'W.r-nnrvi  'll...  Kolnar  filter  further  enhanced  Uio 
separation  in  magnitude  between  wake  .and  false  alarm 
peaks. 


Ficjuro  1 .  Image  of  sliip  wake,  shewing  bright 
turbulent  wake  and  oUior  wake  arm3.  Hoto  ship  is  at 
convergence  of  wake  arm3. 


Figure  2.  Radon  Transform  of  1.  Bright  sinusoids  arc 
produced  by  ship  returns. 
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ABSTRACT 

A  demonstration  system  for  detection  of  ships  ar<l  ship 
wakes  in  SAR  images  lias  been  developed  on  an  Apollo  ON 
10000  workstation.  Tne  main  principles  of  the  system 
is  to  distinguish  land  from  sea  by  using  accurate 
pixel  location  algorithms  and  digital  terrain  models. 
Then  an  adaptive  point  detector  is  used  to  extract 
potential  ship  targets.  The  system  searches  around 
each  potential  ship  target  for  the  waka.  In  addition, 
a  homogeneity  test  and  a  detailed  wake  analysis  are 
performed  to  reduce  false  alarms  if  potential  ships 
and  wakes  actually  are  oceanic  phenomena  such  as 
fronts,  eddies,  or  internal  waves. 


1.  INTRODUCTION 

A  prototype  uutomntlc  system  has  been  developed  at 
Norwegian  Defence  Research  Establishment  for  detection 
and  analysis  of  ships  and  ship  wakes  in  Sonsot  SAR 
images.  This  is  an  experimental  system  and  shall  be 
further  developed  during  the  ERS-1  mission.  An  EOA 
contract  study  cos  performed  at  NDRE  in  1986  (Alt sues, 
1988)  on  developing  detection  methods  for  ships  and 
ship  wakes  in  Seasat  SAR  images.  Based  on  some  of 
these  techniques  and  sorao  recently  developed  methods, 
a  demonstration  system  for  automatic  detection  bus 
been  implemented  on  on  Apollo  DN  10000  workstation 
with  only  one  of  the  CPU’s.  All  fiords,  islands,  und 
rocks  in  Norwegian  waters  complicate  the  automation  of 
a  ship  dotection  system.  Figure  1  shows  a  typical 
coastal  region  from  Western  Norway.  To  overcome  these 
problems  a  digital  terrain  model  has  been  included  to 
locate  open  waters  whoro  0  ship  detector  may  operate, 
followed  by  a  wake  detector.  The  ship  and  wake  detec¬ 
tors  may  work  satisfactorily  under  normal  or  slowly 
varying  sen  conditions,  but  strong  scatterers  in  the 
sen  sucli  os  eddies  and  fronts  may  he  interpreted  as 
ships  and  wakes.  To  avoid  false  alarms  in  such 
regions,  a  homogeneity  test  has  boon  developed  to 
Investigate  the  region  Xu  frunt  of  all  potential 
ships  and  wakes.  Also  the  wake  scan  curve  (see 
Chapter  3!  generated  around  the  potontol  ship  la 
analysed  and  has  to  be  sufficiently  smooth.  If  the 
region  near  the  ship  is  Inhomogeneous  or  the  scon 
curve  Is  too  steep  where  a  potential  wake  was  detec¬ 
ted,  tlio  ship  and  wake  are  rejected. 

Since  the  oca  and  land  detection  problem  has  been 
treated  previously  by  the  author  (Eldbuset,  1987, 

1988),  wo  shall  concentrate  on  the  ship  and  wake  det¬ 
ection.  A  ship  detector  using  a  Wiener  filter  and  a 


highpnss  filter  lias  also  been  described  by  F.ldhuset 
(1987).  A  much  fester  algorithm  has  now  been  devel¬ 
oped  and  is  treated  in  Chapter  2,  An  important  part 
of  this  paper  will  be  the  homogeneity  testing  (Chap¬ 
ter  ll),  which  is  a  necessary  tool  to  reduce  false 
alarms. 

2.  SHIP  DETECTION 

In  Figure  2  is  shown  a  typical  situation  lev  a  ship 
detector.  Wo  assume  t’  land  and  islunds  have  been 
dotected  by  our  system  (shaded  in  Figure  2).  The 
principle  of  the  ship  detector  is  to  estimate  the 
mean,  p,  in  the  frame  region  B  (b»20)  around  the 
small  window  denoted  A  (a*10): 

U-  »S  8  X(J,J))/K  ,  (1) 

i  i 

where  K  is  tho  number  or  pixels  in  region  l>.  X(i,j) 
is  the  1  1  tensity  or  the  amplitude  with  coordinates 
(i,j).  A  new  image  is  generated  by  the  formula: 

C(i  ,j)*(X(i,J)+X(i, j<l)*X(i*l, j)+X(i+l, J+l)-9p),  (2) 

for  oil  !i,j)  inside  window  A.  Window  A  and  frame  B 
are  moved  with  steps  equp1  to  the  dimension  of  window 
A  between  each  computation  of  Eq.  1.  For  an  N-look 
SAR  image  the  standard  deviation,  o,  is  related  to 
tho  mean,  p,  by  (Ulaby,1976  and  Andfis.1988): 

1/2 

o“|r  ( (;l/n-l)/N)  (N-look  amplitude  image)  ,  (3) 

o»p/fN  (N-look  intensity  imago)  .  (!|) 

Eq.  3  is  valid  if  N  amplitude  looks  ore  udded,  while 
Eq,  9  is  valid  if  N  intensity  looks  ore  added.  When 
Eqs.  3  and  A  are  used  tho  effective  number  of  looks, 
N’ ,  has  to  be  estimated.  For  the  NDRE  procossor 
N’»3.6  and  for  the  DFVIR  processor  N'*3.3*  If  C(i,J) 
in  Eq.  2  is  greater  than  a  threshold  given  by  T*q'o, 

tlw  pivAl  (t4j\  <9  nrropt’wl  na  fl  gMn  pfjw*} , 

number  q  is  typically  4.5-  Then  all  such  pixels  in 
a  given  imago  (512x512)  are  grouped  together.  If  an 
accepted  pixel  is  too  far  from  another  pixel  it 
belongs  to  another  ship.  The  advantage  with  this 
filter  is  that  it  is  rapid  and  the  frame  region  (B) 
may  bo  defined  only  once.  Tho  filter  is  adaptive, 
because  the  threshold,  T,is  dependent  on  the  moan  in 
frame  B.  Hence,  a  ship  with  a  given  backscattor  is 
more  easily  dotected  in  dark  sea  than  in  bright  sea,. 
In  principle,  one  should  move  the  frame  when  (i,j)  is 
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channel  in  Eo.  2,  Instead,  ho  frame  is  moved  with 
steps  of  size  a.  This  of  course  affects  the  oi«  i  ntion 


of  the  filter,  but  the  computing  time  is  reduced  sub¬ 
stantially.  Experience  shows  that  if  the  frame  region 
is  inhomogeneous,  the  number  of  pixels  above  the 
threshold,  T.may  depend  on  the  starting  point  of  the 
filter.  This  is  typically  the  case  at  fronts  and  edd¬ 
ies,  but  if  a  ship  is  present  in  the  window  A,  the 
number  of  pixels  above  the  threshold  is  not  dependent 
on  the  starting  point  of  the  filter  when  frame  B  is 
approximately  homogeneous. 


AZIMUTH 
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3.  WAKE  DETECTION 

In  Figure  3  is  shown  an  image  from  Sognef jorden  in 
Western  Norway  with  a  mixture  of  land  and  islands 
which  are  effectively  classified  by  means  of  the 
digital  terrain  model  and  the  pixel  location  algo¬ 
rithm.  Note  the  two  small  islands  in  the  middle  of 
the  left  part  of  the  image  which  are  effectively 
classified  as  land.  The  overlayed  map  is  not  shown 
here.  Before  wake  detection  is  performed,  all 
detected  ships  are  replaced  by  homogeneous  sea 
pixels.  In  Figure  3  we  see  a  small  ship  with  a  bright 
wake.  Figure  4  shows  the  scan  curve  which  is  gene¬ 
rated  by  averaging  pixels  along  lines  with  a  fixed 
angular  distance  starting  in  a  given  center.  This 
center  is  moved  in  azimuth  direction  on  both  sides  of 
the  ship.  The  curve  with  the  most  significant  wake 
features  is  chosen,  hence  the  displacement  of  the 
ship  is  also  estimated.  The  real  position  of  the 
detected  ship  in  this  image  is  indicated  by  the  arrow 
in  Figure  3.  and  the  scan  curve  is  generated  inside 
the  circle  shown.  In  Figure  4  we  have  used  step 
functions  to  indicate  a  given  threshold  (3o  or  more) 
on  both  sides  of  the  curve.  We  observe  that  the 
bright  wake  appears  as  a  peak  in  the  curve  with  very 
high  significance  at  240  degrees  measured  from  range 
direction.  The  method  of  least  squares  combined  with 
Chebyshev  polynomials  has  turned  out  to  be  more  flex¬ 
ible  in  many  cases  to  estimate  the  threshold  above 
and  below  the  scan  curve.  Eq.  3  or  4  is  used  to  esti¬ 
mate  the  threshold  with  N  replaced  by  N ' • L ,  where  L 
is  the  number  of  independent  pixels  averaged  along 
each  line  inside  the  circle  in  Figure  3-  The  straight 
line  in  the  scan  curve  from  about  90  to  180  degrees 
in  Figure  4  indicates  the  direction  towards  land, 
where  we  should  not  accept  wakes  because  land  pixels 
are  inside  the  search  radius.  The  wake  indicates  the 
direction  of  the  moving  ship,  but  the  system  also 
computes  the  direction  of  the  ship  itself  by 
minimizing  the  moment  of  inertia  of  the  ship.  Hence, 
the  two  extracted  directions  can  be  compared. 

4.  HOMOGENEITY  TESTING 

The  ship  and  wake  detector  may  be  confused  in  regions 
with  fronts, eddies,  or  internal  waves.  Figuie  5  snows 
a  front  with  a  very  abrupt  change  in  the  backscatter. 
Figure  6  shows  a  very  strong  eddy  in  a  quite  dark 
sea.  In  such  cases  false  ships  and  wakes  are  det¬ 
ected.  The  scan  curve  around  the  ship  may  have  a 
strong  drop  in  the  transition  between  bright  and  dark 
sea.  If  this  drop  is  too  large  the  ship  and  wake  are 
rejected.  If  the  drop  is  not  sufficiently  significant 
a  homogeneity  test  developed  at  NDRE  often  reveals 
that  fronts  or  eddies  are  present.  Experiments  show 
that  a  combination  of  the  scan  curve  test  and  the 
homogeneity  test  reveals  false  ships  and  wakes  very 
effectively.  In  the  next  section  we  shall  sketch  the 
principle  of  our  homogeneity  test. 

4.1  Moment  estimation  for  homogeneity  testing 

Toe  moment  estimator  for  the  n'th  central  moment  is: 

n  K  n 

o  =2  (X  -u)  /K  ,  (5) 

j“l  j 

K 

H  *  (  2  X  )/K  and  X  is  the  pixel  value  of 
j*l  j  j 


Figure  5-  Ocean  front  and  a  ship  from  Corsica, 
processed  at  DFVLR,  orbit  762 


Figure  6.  Eddies  and  a  ship  in  Oslofjorden,  Norway, 
processed  at  NDRE,  orbit  1473 


complicated  if  the  mean,  jj,  is  considered  as  an  esti¬ 
mator.  We  have  therefore  assumed  that  the  mean  is  a 
given  constant  which  becomes  a  good  approximation 
when  the  number  of  pixels  K  increases.  The  expec¬ 
tation  and  variance  of  the  estimator  in  Eq.  5  may  be 
expressed  ( And&s , 1988 ) : 


n  n  n  j  n-j 


e<2  )°  E  j  (-P)  E(X  )  , 

(6) 

j=0  L  J 

n  2n  n  2 

var(o  )»{E((X-p)  )-(E<(X-p)  ))  }/K  . 

(7) 

pixel  number  j  in  a  defined  region.  The  expectation 
and  variance  of  the  estimator  in  Eq.  5  is  very 
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L  L 
E((X-u)  )*  2 
j'O 


l.  j  L-j 
j  (-P)  E(X  ) 


L=2n  or  L«n. 


(8) 


The  square  bracket  is  the  Binomial  coefficient.  The 
formulas  m  Eqs.  6  and  7  are  used  to  define  the 
confidence  interval  for  the  estimator  in  Eq.  5-  If 
the  estimated  central  moment  for  a  given  region  lies 
in  this  interval  the  region  is  said  to  be  homogen¬ 
eous.  From  Eq.  8  we  see  that  we  need  an  expression 
for  the  L'th  moment  of  a  distribution.  It  can  be 
shown  (And As,  1988)  that  that  the  L'th  moment  for  a 
gamma  distribution  corresponding  to  an  N-look 
intensity  image  (see  Eq.  4)  is  given  by: 

L  L  L 

E  (x  )»  p  n  (N+j-1)  .  Urn/N  .  (9) 

N  j«l 

The  L'th  moments  for  the  distribution  in  amplitude 
images  have  also  been  estimated  which  is  rather 
cumbersome  (And&s,1988) .  Only  moments  for  L-1,2,3,4, 
5.6  have  been  deduced.  These  expressions  are  finite 
although  the  corresponding  distribution  has  to  be 
expressed  by  infinite  sums.  Estimation  of  the  second 
and  third  central  moment  (n=2,3)  is  usually  suff¬ 
icient  for  homogeneity  testing  in  SAR  images. 

In  Figure  5  some  false  ships  and  wakes  are  detected 
on  the  front,  but  application  of  the  tests  above 
rejects  all  of  them  effectively.  The  ship  with  the 
bright  wake  is  detected  with  very  high  significance. 
In  Figure  6  about  20  false  ships  and  wakes  are 
detected  in  the  eddy.  The  tests  reject  at  least  90  % 
of  them.  The  processing  time  is  of  course  increased 
if  the  phenomena  mentioned  above  arise.  The  small 
ship  between  land  and  the  eddy  in  Figure  6  is  well 
detected.  Strong  internal  waves  are  often  detected  by 
the  homogeneity  test  alone.  Figure  7  shows  some 
strong  internal  waves.  The  adaptive  property  of  the 
ship  detector  results  in  only  two  potential  ships 
being  detected  in  this  image.  The  homogeneity  test 
tells  us  that  the  regions  in  the  vicinity  of  the 
ships  are  not  sufficiently  homogeneous,  hence  the  two 
ships  are  rejected. 


Figure  7.  Internal  waves  in  the  English  Channel, 
processed  at  NDRE,  orbit  762 


5.  PERFORMANCE  OF  THE  SHIP  DETECTION  SYSTEM 

The  philosophy  behind  the  system  is  that  the  com¬ 
puting  time  is  minimized  by  searching  for  point 
targets  first,  because  point  detection  may  be 
performed  rapidly  and  effectively.  The  filter 
constructed  in  our  system  is  in  principle  very 
simple,  but  is  based  on  statistical  theory,  and  its 
performance  is  comparable  to  more  complicated  and 
time  consuming  filters.  Point  target  detection  is 
completed  in  about  6  seconds  on  a  512x512  image  with 
one  CPU  on  DN  10000  (18  MIPS).  Under  normal  sea 
conditions  as  in  Figure  3,  usually  no  false  ship 
candidates  are  detected.  Hence,  wake  detection  is  not 
superfluous.  The  wake  detector  needs  between  1  and  2 
seconds  to  locate  one  wake  around  a  point  target.  The 
time  is  of  course  dependent  on  search  radius,  angular 
distance  between  the  scan  lines  etc.  The  homogeneity 
test  is  very  rapid  because  of  the  small  regions  which 
are  tested.  If  there  is  land  in  the  SAR  image  the 
land  and  ship  detection  is  faster  than  ship  detection 
over  open  sea,  because  the  land  detection  is  very 
fast,  and  the  ship  detector  need  not  work  on  land. 

6.  CONCLUSIONS  AND  FUTURE  PLANS 

Our  experience  with  the  automated  ship  detection 
system  is  very  encouraging,  both  with  regard  to  time 
consumption  and  false  alarm  rate.  The  current  system 
detects  most  ships  and  wakes,  and  the  additional 
computations  performed  by  the  system  appear  to  reveal 
the  greater  part  of  false  ships  and  wakes  which 
actually  are  oceanic  phenomena.  During  the  ERS-1 
mission  we  intend  to  investigate  to  what  extent  an 
automated  system  may  work  without  the  influence  of  an 
operator.  The  ship  detection  process  is  well  suited 
for  parallell  computing,  and  the  DN  10000  may  work 
with  9  CPU's.  A  digital  terrain  model  may  not  reveal 
rocks  near  the  sea  level,  but  we  plan  to  include  also 
digital  models  of  the  sea  depth  to  complement  the 
information  which  digital  terrain  models  provide.  In 
shallow  water  there  are  of  course  no  ships  and 
internal  waves  may  arise,  so  sea  depth  models  may  be 
a  valuable  information  to  the  system.  We  have  not  yet 
completed  the  performance  analysis  concerning  false 
alarms  with  the  current  system,  but  we  intend  to  work 
out  a  survey  of  true  and  false  alarms  in  as  many 
Seasat  scenes  as  possible. 
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ABSTRACT 

The  radar  Image  astern  of  a  ship  Is  dependent  on 
the  wake  produced  by  the  ship's  linear  motion. 
Contributions  to  the  turbulent  wake  by  the  ship 
pi  speller  have  been  studied  so  that  the  effects  on 
radar  backscacterlng  can  be  estimated.  Both  linear 
momentum  and  angular  momentum  wake  components  may  be 
produced  and  the  diffusion  of  each  will  affect  the 
width  and  Intensity  of  the  radar  Image.  Linear 
momentum  tends  to  diffuse  so  that  the  wake  radius 
vj.-les  as  the  cube  root  of  distance  behind  the  snip 
while  It  Is  shown  that  angular  momentum  diffuses  as 
•he  fourth  root  of  distance  behind  the  ship.  It 
t-u  is  out  that  for  surface  ships  the  radar  Image  of  a 
woke  far  astern  will  be  dominated  by  the  linear 
momentum. 

KEV  WOROS:  RADAR,  WAKE,  PROPELLER 
1 .  INTRODUCTION 

Radar  Images  of  ship  wakes  have  been  described  by 
i  .umber  of  authors  (Hammond  et  al,  1985,  Lyden  et 
al,  1985,  Case  et  al,  1985  and  Lyden  et  al  1985).  In 
an  effort  to  obtain  a  more  thorough  understanding  of 
the  radar  Image  astern  of  a  ship,  the  wake  produced 
by  the  propeller  has  been  studied.  The  propeller 
will  introduce  various  flows  astern  of  the  ship  which 
will  include  both  a  steady  component  of  fluid  flow 
behind  the  vessel  and  a  rotational  movement.  The 
shear  layer  created  at  the  boundary  of  the  wake  may 
be  expected  to  cause  a  turbulent  diffusion  which 
broadens  the  wake.  The  wake  flows  are  capable  of 
modifying  the  local  radar  cross-section  of  Che  ocean 
surface  as  described  for  the  linear  component  by 
Tunaley  et  al  (1987),  In  which  the  Interaction  of 
surface  waves  with  the  wake  Is  simulated.  The 
magnitudes  of  the  flow  velocities  are  dependent  an 
the  efficiency  of  the  screws. 

Propeller  design  ha3  been  widely  considered 
tClancy,  1975,  Comstock,  1967  and  O'Brien,  1962).  In 
a  simple  theory,  the  propeller  Is  created  as  an 
actuator  disk  and  the  energy  and  linear  and  angular 
momenta  produced  in  its  neighbourhood  are  considered. 
However  even  this  simplification  Is  not  sufficient  to 
understand  the  operation  completely.  Aerodynamic 
theory  must  be  used  and  the  propeller  blades  viewed 
as  aerofoils.  For  example,  thrust  is  provided  by  the 
lift  force  acting  on  the  blades.  In  this  study,  the 
principles  Involved  In  screw  propellers  have  been 
used  to  arrive  at  a  set  of  non-llnear  equations  that 
may  be  solved  numerically  to  estimate  the  magnitude 


of  the  wake  momenta. 

Prandtl's  mixing  theory  may  be  used  to  study  die 
diffusion  of  the  momenta  (both  linear  and  angular) 
produced  by  the  propeller.  It  will  be  shown  that 
angular  momentum  tends  to  diffuse  much  more  slowly 
than  linear  momentum  but  the  associated  velocity 
field  decreases  more  rapidly:  as  a  result  It  Is  not 
expected  to  be  significant  except  in  cases  where 
little  linear  momentum  is  produced. 

II.  ACTUATOR  DISK  THEORY 


To  treat  the  linear  motion,  we  consider  the 
propeller  as  a  disk  of  area  Ap  and  radius  r_, 

Irnmn-sed  In  a  fluid  of  density,  f  as  shown  in  fig..  . 

1 .  >;rom  che  point  of  view  of  an  observer  moving  _  .  a 
coordinate  frame  attached  to  the  ship,  if  the 
velocity  of  the  fluid  well  in  front  of  the  propel! -r 
is  V  then,  In  order  for  some  thrust  to  be  obtain;.'., 
the  Fluid  must  acquire  some  linear  momentum  In  the 
foro  of  an  Increase  In  its  velocity.  The  velocity 
well  oehind  the  propeller  wilt  rise  to  V .(1+b)  an!  at 
the  disk  to  VA(l+a),  say.  Hell  behind  tile  propeller 
bur  before  turbulence  sets  in,  the  affected  fluid  his 
i  smaller  radius,  r  .  The  raas3  of  fluid  that  flow, 
past  the  propeller  in  a  time  t  experiences  a  chanj- 
la  linear  momentum.  During  the  same  time,  the  mass 
Clowlig  past  a  disk  In  the  wake  must  equal  the  aam. 
of  oass  flowing  past  the  propeller.  From  Che 
conservation  of  mass  and  the  fact  that  the  thrust  l, 
equal  to  the  change  In  momentum  per  unit  time,  th» 
thrust  can  be  determined.  This  can  be  compared  tu 
the  result  obtained  by  applying  Bernoulli's  equat.M. . 
In  order  for  the  results  to  agree,  the  Inflow  facor, 
i  must  be  equal  to  half  of  the  outflow  factor,  b. 

In  order  to  see  the  effects  of  angular  momentum, 
we  assume  that  the  fluid  has  no  initial  rotational 
velocity.  The  propeller  Is  rotating  with  angular 
velocity,  Ui ,  the  angular  velocity  of  the  fluid  at  the 
propeller  is  a'  and  far  behind  the  propeller  it  Is 
b'.  In  a  time  t,  the  mass  of  fluid  flowing  past  a 
disk  in  the  wake  has  a  moment  of  inertia  and  a 
related  Increase  in  angular  momentum.  Thu  torque  i, 
simply  the  rate  of  change  of  angular  momentum  and 
this  can  be  combined  with  the  conservation  of  ma3S 
’onditlon.  In  the  same  time,  the  propeller  dellvr, 
an  amount  of  energy,  some  of  which  the  fluid  obtatis 
as  kinetic  energy  of  rotation  and  some  us 
translational  kinetic  energy.  The  useful  energy 
obtained  corresponds  to  the  thrust.  Assuming  cha . 
the  production  of  heat  is  small,  the  conservation 
energy  combined  with  the  previous  results  gives  a 
relation  that  is  usually  combined  with  Kelvin's 
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Figure  1.  The  screw  propeller  as  an  actuator  disk. 


circulation  theorem  to  show  that  the  lolationnl 
.  r’.ow  velocity,  b'  Is  twice  the  rotational  Inflow 
.  l.eity,  a'. 

‘■‘or  an  aerofoil  of  area,  A  immersed  In  fluid  <i 
i-nslty,  p  and  flowing  past  at  a  velocity,  V  tin  -t 
-11,  oe  a  lift  force,  L  perpendicular  to  the  fluid 
l l  direction  and  a  drag  force,  D  parallel  to  the 
fluid  flow.  The  lift  and  drag  are  directly 
proportional  to  the  lift  and  drag  coefficients,  t^ 
and  Cu,  respectively. 

in  most  cases,  C  is  nearly  constant  when  the 
<1  Ir-.ctlon  of  fluid  flow  is  only  slightly  inclined  •:•> 
the  aerofoil.  The  angle  between  the  fluid  flow 
direction  and  che  major  axis  of  the  aerofoil  is 
ca.led  che  inclination  angle  and  Is  usually  deduced 
.s  For  an  aerofoil  of  elliptical  cross  section, 
i  i  lift  coefficient  is  proportional  to  sln«t  wluth 
i-  .pproxlmately  proportional  to  *c  for  small  angles 
iv'.tscock,  1%7). 

The  angle  of  Inclination,  Is  equal  to  che 
fiierence  between  the  pitch  angle,  0  ,  and  the 
■  •■■•odynainlc  angle,  fi  .  The  pitch  angle  is  the  angle 
ropeller  blade  cross  section  makes  with  the 
i  *»..tion  of  advance  through  the  fluid.  The 
,j  it  idynaraic  angle  fs  the  angle  between  the  lift  and 
.  .-  thrust.  The  thrust  Is  obtained  by  summing  tne 
>a,,nonts  of  the  lift  and  drag  in  the  direction  ot 
,  ;auce  of  the  propeller  through  the  fluid.  The 
rjue  Is  obtained  In  a  similar  way  using  the 
oftectlve  radius"  of  the  propeller  (about  0.7rD, 

The  area  of  contact  between  one  blade  and  the 
Lain  Is  multiplied  by  the  number  of  blades  to  ob-i!  i 
i  ic  otal  contact  area.  The  relative  velocity  ol 
■ .u,  flowing  past  the  blades  is  used  to  calculate 
i av  lift  and  drag.  These  relations  can  be  used  In 
Cue  Thrust  and  torque  relations  along  with  the 
un-.i.cum  relations  to  solve  for  the  linear  Inflow 
fjwc  r  and  the  rotational  velocity  of  the  fluid  at 
the  propeller. 

1  1  m  C  -  wma  t.  i  •*«  C  *****  **  r*  **  v™  ..1  m  +  f* 

lC  l  IUUA  l>lllf>‘UUWll/i|  UUUUOOU  i  J  WV  lWl‘U  U  bVHIjl  « 

-at  >f  equations  Is  the  value  of  C  for  small 
i  icitnatlon  angles.  A  value  of  0.0085  has  been  taken 
From  Comstock  (1967)  on  page  425. 

111.  NUMERICAL  SOLUTIONS 

Che  secant  method  of  finding  roots  (Press  et  a1., 
1986)  was  used  to  solve  the  equations  of  motion 
uasarlbed  In  the  previous  section.  The  Inner  loop  of 
the  procedure  found  the  required  propeller  rotation 


Ship  Velocity  (m/s) 

Figure  2.  Inclination  angle  as  a  function  of  h» 
ship  velocity. 


ro  deliver  the  necessary  thrust  to  propel  a  si  >  at  . 
constant  velocity. 

The  outer  loop  Involved  a  similar  secant  method. 
The  thrust  required  to  propel  a  ship  of  a  certain 
beam  and  length  at  constant  velocity  is  equal  to  the 
drag  on  the  hull.  A  simple  estimation  of  the  Ins)! 
drag  for  a  given  ship  dimensions  and  velocity  has 
been  described  (Tunaley  et  al,  1987).  For  a  cerl  m 
velocity,  two  initial  estimates  of  the  propeller 
.  .t tonal  velocity  were  made.  Each  estimate  wan 

j  .e  i  to  determine  the  hydrodynamic  angle  and  thru*, 
r.c  thrust  so  obtained  was  compared  to  the  requl  d 
L  n  ast  and  a  new  propeller  rotational  velocity 
i  a-. rpolated .  A  solution  was  accepted  when  the 
thrust  obtained  for  a  certain  propeller  rotation 
velocity  was  equal  to  the  hull  drag  to  within  0.  •  '( 

Vi  Example 

In  this  example,  a  single  propeller  is  drivtii'  . 
ship  of  length  150  a  and  beam  20  m.  The  propelL  - 
rsd. us  is  one  metre  and  the  expanded  area  ratio, 
chosen  to  represent  a  four  blade  propeller,  has  s 
valse  of  one.  The  pitch  is  45  degrees.  From  th-~« 
ship  dimensions,  the  thrust  required  to  maintain  I 
constant  velocity  was  calculated  using  the  metho  •  ’t 
Tunaley  et  al  (1987). 

The  rotational  frequency  of  the  propeller 
Increases  nearly  linearly  with  ship  velocity.  Ac 
interesting  feature  of  the  angle  of  attack  curve 
(figure  2)  is  that  it  actually  decreases  as  the 
velocity  increases.  This  means  that  the  propell?' 
loading  also  decreases  v.tli  Increasing  velocity  mi 
tno  efficiency  of  the  pvopeller  increases  slight  .v 
(figure  3).  The  efficiency  is  defined  as  the  ra  l; 
of  useful  work  to  work  delivered  by  the  engine. 

The  linear  and  rotational  outflow  factors,  as 
shown  in  figures  4  and  5  respectively,  decrease 
increasing  velocity  In  a  similar  fashion  to  the  mg.e 
of  attack.  Both  outflow  factors  show  a  significant, 
production  of  fluid  motion  in  comparison  with  the 
propeller  motion.  The  linear  velocity  in  the  wacv  vs 
nearly  60?  greater  than  the  propeller's  linear 
velocity  of  advance.  In  other  words,  the  linear 
velocity  of  the  wake  with  respect  to  the  ocean  1,  ill 
of  the  velocity  of  the  ship  but  In  the  reverse 
direction.  The  angular  velocity  imparled  to  the 
water  is  approximately  40?  of  the  propeller's  angil.tr 
velocity. 

XV.  DIFFUSION  OF  THE  WAKE 

Though  the  turbulent  wake  from  a  ship  moving  at 
lonstant  speed  in  a  straight  line  maintains  its  shape 
In  a  frame  of  reference  attached  to  the  ship,  in  a 
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Ship  Velocity  (m/s) 

Figure  3.  Efficiency  of  the  propeller  as  a  function 
of  the  ship  velocity. 


Ship  Velocity  (m/s) 

Figure  4.  Linear  outflow  factor  as  a  function  of  the 
ship  velocity. 


frame  of  reference  stationary  with  respect  to  the 
ocean,  it  broadens  with  time.  This  spreading  occurs 
because  of  turbulent  diffusion  which  arises  from 
shear  flows  within  the  wake.  A  shear  flow  may  result 
from  a  mean  flow  parallel  to  the  wake  which  itself  is 
a  result  of  a  net  production  of  linear  momentum  by 
the  ship.  Shear  flow  can  also  occur  if  the  screws 
produce  a  net  angular  momentum.  With  a  single  screw, 
there  will  be  a  persistent  rotational  motion  imparted 
to  the  water.  Thus  a  gradient  in  the  velocity  field 
oust  occur  where  the  wake  meets  the  undisturbed 
ocean.  The  theory  of  wakes  has  been  discussed  by 
Schllchting  (197y)  and  for  simplicity  it  is  assumed 
that  the  wake  is  circular  in  cross-section.  However 
the  effect  of  the  presence  of  the  free  surface  could 
be  modelled  by  introducing  an  image  which  will  affect 
the  shape  of  the  wake. 

This  study  is  limited  to  the  "self  similar"  region 
well  behind  the  ship  where  the  dynamics  are  constant 
except  for  scale  factors. 

The  diffusion  in  the  transverse  direction  is 
relited  to  the  mean  velocity  in  the  transverse 
direction,  v'.  If  the  radius  of  the  wake  is  R,  then, 
according  to  Schllchting,  with  Prandtl's  mixing 
length  hypothesis,  the  velocity  in  the  wake  decreases 
as  R2  and  the  width  increases  as  Che  cube  root  of  the 
distance  behind  the  ship.  For  a  wake  with  no  linear 
momentum,  must  be  related  to  the  value  in  the 
propeller  race.  The  principle  of  the  conservation  of 
angular  momentum  can  be  applied  to  a  disk  of  fluid  at 

a  fixed  position  in  the  wake  and  rotating  at  a 

constant  angular  velocity,  •  the  angular  velocity 
is  inversely  proportional  to  the  fourth  power  of  the 
width  of  the  wake.  In  the  rotational  form  of 
Prandtl's  mixing  length  theory,  Che  width  of  the  wake 

Increases  as  the  fourth  root  of  the  distance  behind 

the  ship.  These  results  resemble  those  quoted  by 
Ca3e  et  al  (1985),  except  that  for  a  zero  momentum 
wake  we  do  not  find  a  velocity  defect  along  the  wake 
axis.  Also  the  present  results  are  expressed  in 
terms  which  reflect  the  propeller  efficiency  whilst 
those  by  Case  ec  al  (1985)  do  not. 

In  general  a  surface  ship  will  produce  linear 
momentum  in  the  water.  It  will  also  produce  angular 
momentum  it  It  does  not  have  contra-rotating  screws. 
It  Is  easy  to  show  from  the  data  in  the  previous 
section  that  the  diffusion  is  dominated  typically  by 
Che  linear  momentum  of  the  wake.  From  the  example 
discussed  earlier,  at  a  ship  velocity  of  5  o/s  the 
propeller  rotates  at  about  2  rev/s  and  the  angular 
outflow  factor  is  0.4;  this  gives  an  angular  velocity 
downstream  of  the  propeller  of  about  2.5  rad/s.  The 
linear  outflow  factor  is  about  0.6  and  it  can  be 
deduced  that  the  radius  of  Che  propeller  wake  before 
the  onset  of  turbulence  is  about  0.85  m.  Assuming  a 


drag  coefficient  of  0. I,  the  distance  from  the  ship 
at  which  the  linear  momentum  wake  diffusion  would 
start  to  dominate  that  of  angular  momentum  may  be 
found.  It  turns  out  that  this  is  much  less  than  1  m. 

V.  THE  RADAR  IMAGE 

A  radar  image  of  the  ship  wake  may  La  produced 
because  the  Bragg  wavelets,  responsible  for  the  radar 
scattering,  are  modified  by  surface  flows  associated 
with  the  passage  of  the  ship.  The  flows  perturb  the 
propagation  of  wind  generated  wavelets  so  that  their 
directions  are  altered:  in  extreme  cases,  refraction 
can  be  so  severe  as  to  exclude  Bragg  waves  from  Che 
wake  region  and  this  causes  the  wake  to  appear  as  a 
dark  streak  on  a  radar  image.  As  well  as  being 
refracted,  the  amplitudes  of  the  wavelets  will  change 
and  this  may  be  handled  using  the  principle  of  the 
conservation  of  wave  action  as  described  for  example 
by  Tunaley  and  Mitchell  11987).  For  radar 
frequencies  at  L  or  X  bands  and  under  favourable  sea 
conditions  and  wake  and  radar  geometries,  images  may 
be  produced  with  mean  flows  of  a  few  cra/s. 

In  the  case  of  a  surface  ship  with  a  wake  having 
both  angular  and  linear  momenta,  the  mean  flow  at  the 
surface  will  heve  a  component  of  velocity  usually  in 
Che  opposite  direction  to  the  ship  velocity.  It  will 
also  have  a  transverse  component  because  of  the 
rotation.  However,  because  the  transverse  component 
falls  off  as  R-^,  whilst  the  linear  velocity  only 
falls  off  as  R  ,  the  transverse  component  is  quite 
negligible  just  a  few  metres  behind  the  ship  (see  the 
example  in  section  IV).  Therefore,  unless  the  wind 
drag  and  Kelvin  wake  drag  fortuitously  cancel,  which 
is  somewhat  unlikely,  the  propeller  wake  is  probably 
small. 

It  is  worth  noting  that  the  circulation  (defined 
as  the  line  integral  of  the  velocity  around  a  closed 
path)  around  a  circle  concentric  with  the  propeller 
wake  rapidly  falls  to  small  values  for  radii  greater 
than  that  of  the  wake.  Therefore  an  image  of  the 
propeller  wake  placed  above  the  water  surface  will 
not  produce  any  significant  self  induced  motion  until 
che  wake  intersects  the  surface.  When  this  occurs, 

*> L n a  «ay  Ua  a  aamawa  1  An  TU a  f  A 

worth  further  study. 

VI.  CONCLUSIONS 

The  equations  of  motion  of  a  propeller  have  been 
used  to  examine  the  wake  produced  by  the  propeller. 
Both  linear  momentum  and  angular  momentum  are 
produced  and  the  spreading  of  each,  on  its  own,  is 
quite  different.  Prandtl's  nixing  length  theory 
suggests  that  the  width  of  an  angular  momentum  wake 
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increases  us  die  fourth  root  of  the  distance  behind 
tuo  propeller  while  the  width  of  a  linear  momentum 
wake  increases  as  the  cube  root  of  the  distance 
behind  the  propeller.  As  a  result  of  the  dependence 
of  the  velocity  fields  on  the  distance  behind  the 
ship,  angular  momentum  wakes  could  be  most  important 
when  the  net  linear  momentum  produced  by  the 
propeller  is  offset  by  the  linear  momentum  produced 
by  the  ship  hull.  In  this  case  a  radar  image  could 
not  be  produced  directly  by  the  turbulent  wake. 
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ABSTRACT: 


The  NORCSEX'88  experiment  was  carried  out  at 
Haltenbanken  (64°N,  9°E)  outside  the  coast  of 
Norway  in  March  1988.  The  Canadian  CV580 
provided  C-band  SAR  data,  and  SAR  imaging  of 
ships  and  ship  wakes  was  one  of  the  study 
objectives.  The  SAR  data  show  much  greater 
variations  in  radar  backscatter  from  the 
ocean  surface  than  observed  in  Seasat  images 
from  the  same  areas.  Some  interesting  ship 
wakes  have  been  analysed.  Despite  the  high 
resolution  of  the  SAR,  it  turned  out  to  be 
difficult  to  see  wakes  behind  slow-moving 
ships.  The  results  support  the  view  that 
prime  search  target  in  automatic  analysis  of 
ERS-1  SAR  images  must  be  the  ship  itself,  not 
the  wake. 

Key  Words:  SAR,  Ship  Wakes,  ERS-1,  Backscatter 


1.  INTRODUCTION 


For  many  years,  there  has  been  a  strong 
Norwegian  interest  in  the  possibility  of  using 
satellite-based  SAR  for  monitoring  human 
activities  in  the  large  Norwegian  economic 
ocean  zones.  In  1986,  a  Norwegian  proposal 
termed  "Ship  Traffic  Monitoring  Using  the 
ERS-1  SAR”  was  submitted  to  ESA  in  response  to 
the  ERS-1  Announcement  of  Opportunity.  The 
proposal  has  been  officially  accepted  by  ESA, 
and  quite  some  activity  is  currently  going  on 
in  Norway  to  meet  this  challenge.  In  order  to 
gain  further  experience  before  the  launch  of 
ERS-1,  ship  detection  was  included  as  one  of 
the  topics  in  the  1988  NORCSEX  campaign  at 
Haltenbanken.  The  Canadian  CV580  aircraft  here 
offered  real  time  C-band  SAR  capability  in  an 
area  on  the  continental  shelf  that  may  be 
typical  for  what  ERS-1  will  find  along  the 


Norwegian  coast  during  winter  and  spring  time. 

The  main  goals  of  the  ship  and  wake  experiment 
were: 

-  To  study  SAR  imaging  of  "typical"  fishing 
vessels  and  their  wakes. 

-  To  study  background  backscatter  variations 
in  C-band  and  their  effects  on  the 
detectability  of  ships  and  wakes. 

-  To  obtain  some  well  documented  wake 
scenes  for  later  comparison  with  model 
simulations. 

Several  ships  were  imaged  by  the  CV580  SAR 
during  the  NORCSEX'88  campaign.  We  have 
focussed  mainly  on  "R/V  H&kon  Mosby",  a 
research  vessel  which  was  covered  by  the  SAR 
more  than  10  times.  Being  a  former  fishing 
vessel,  this  is  a  very  relevant  target.  It 
also  provides  excellent  weather,  sea  state, 
and  ship  motion  data. 

2.  RADAR  BACKSCATTER  DURING  NORCSEX'88 


Seasat  SAR  images  from  Norwegian  coastal 
waters  generally  show  very  homogeneous 
backscatter  from  the  ocean  surface.  Apart  from 
in  the  fiords,  ship  wakes,  internal  waves  and 
current  shears  appear  against  a  very 
homogeneous  background,  making  detection  easy 
and  automatic  analysis  feasible.  However, 
Seasat  scenes  are  only  available  from  the 
period  August-October  1978.  This  is  a  part  of 
the  year  with  small  temperature  differences 
between  the  Atlantic  and  the  Coastal  water 
masses,  stable  atmospheric  conditions,  and 
generally  low  wave  heights.  Thus  it  is 
dangerous  to  base  ship  detection  and  wake 
pattern  recognition  algorithms  on  Seasat 
images  only.  As  could  be  expected,  the  March 
1988  CV580  SAR  data  from  the  NORCSEX  campaign 
at  Haltenbanken  showed  a  much  larger  dynamic 
range  within  each  SAR  image  (Johannessen  & 
Pettersson,  1988).  Concerning  ship  detection, 
this  is  a  clear  indication  that  we  must  expect 
much  more  complicated  ERS-1  SAR'  scenes  than  is 
offered  by  the  present  Seasat  training  set. 
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One  of  the  most  interesting  backscatter 
situations  occurred  on  March  14th,  at  rather 
low  wind  speed.  On  that  day  large  sea  areas 
showed  a  granular  SAR  texture,  with  "wind 
patches"  sized  1-2  km2  spread  around 
everywhere,  making  50-70  %  of  the  sea  bright 
and  the  rest  dark.  Swell  could  be  seen  inside 

the  bright  patches  only. 


3.  SOME  WAKE  EXAMPLES 


On  March  21st  1938,  the  CV580  SAR  crossed  R/V 
H&kon  Mosby  (now  going  at  6  m/s)  five  times 
with  about  25  minutes  intervals,  the  ship 
making  a  90°  turn  after  the  third  passage.  The 
wind  was  low  and  decaying,  coming  down  below  3 
m/s.  Significant  waveheight  measured  by  a 
nearby  buoy  (0CEAN0R,  1988)  was  just  below  3 
meters,  with  wave  period  at  spectral  peak 
about  9  seconds.  The  total  spectrum  was, 
however,  rather  complicated,  with  both  south 
westerly  and  northerly  swells  in  addition  to  a 
low  south  easterly  wind  sea.  For  the  two  wake 
scenes  to  be  discussed  here  (#1  and  #5).  the 
aircraft  was  flying  on  a  heading  of  305° .  Thus 
the  SAR  mainly  imaged  the  south  westerly 
swell,  with  almost  azimuthally  aligned  wave 
crests. 

Scene  #1: 

The  ship  track  was  perpedicular  to  the  flight 
direction,  with  the  ship  located  almost  at 
nadir.  A  dark  turbulent  wake  is  visible  on  the 
SAR  image,  extending  for  about  4  km  in  ground 
range.  Backscatter  values  inside  the  wake 
typically  are  1.0  -  1.5  dB  below  the  level  of 
the  surrounding  sea.  On  the  upwind  side,  the 
dark  turbulent  wake  is  limited  by  a  narrow, 
bright  edge,  resulting  from  steepening  or 
breaking  of  the  wind  sea.  Backscatter  values 
on  the  edge  typically  are  0.5  dB  above  the 
level  of  the  surrounding  sea.  No  Kelvin-like 
wake  features  can  be  seen.  It  is  remarkable, 
however,  that  the  dark  turbulent  wake  widens 
out  significantly  on  the  downwind  side,  from 
70  m  near  nadir  to  200  m  before  the  wake 
becomes  invisible.  This  could,  of  course,  be 
due  to  a  widening  of  the  surface  current 
pattern  behind  the  ship.  However,  we  rather 
tend  to  believe  that  this  phenomenon  has  to  do 
with  the  variation  in  incidence  angle  along 
the  wake,  which  gives  Bragg  resonant 
wavelengths  ranging  from  20  cm  (near  nadir)  to 
5  cm. 

Scene  #5: 

In  this  case  the  heading  of  the  ship  was 
parallell  to  that  of  the  aircraft,  and  the 
wind  was  very  weak.  No  turbulent  wake  is 
visible,  and  the  only  significant  wake  feature 
present  is  the  one  Kelvin  arm  facing  the 
aircraft.  The  length  is  about  2  km,  with 


backscatter  values  1.5  dB  (near  the  ship)  and 
1.1  dB  (overall  value)  above  the  background 
level  of  the  sea.  The  absence  of  a  dark 
turbulent  wake  in  this  case  would  usually  be 
explained  by  too  low  wind  speed.  However, 
there  clearly  is  enough  surface  roughness 
present  in  the  ambient  sea  for  imaging  of 
swell. 


Both  wakes,  however,  are  rather  faint  compared 
to  a  giant  soliton-like  feature  present  in 
scene  #1.  This  feature  is  ca  12  km  long,  it 
has  a  radius  of  curvature  of  ca  13  km,  and  a 
"wavelength"  of  400  m.  The  crest-to-trough 
backscatter  variation  is  2.8  dB. 


4.  DISCUSSION 


Most  wake  observations  in  SAR  images  around 
the  world  are  classified  as  dark  turbulent 
wakes  (Aksnes  et  al,  1988).  The  imaging  of 
such  wakes  is  a  very  complex  process, 
involving  ship  generated  currents,  turbulence, 
foam,  upwelling  of  cold  water,  monolayers,  and 
wind  and  wave  interactions  (see  Peltzer  et  al, 
1987,  and  references  therein).  Our  main 
intention  with  the  wake  part  of  NORCSEX'88  was 
not  to  produce  high-quality  wake  measurements 
for  refinement  of  state-of-the-art  models,  but 
rather  to  get  a  broader  view  of  the  challenges 
that  ERS-1  will  face  in  1991.  One  main  result 
so  far  (which  confirmed  model  predictions)  is 
the  problem  of  imaging  wakes  behind  vessels 
going  at  low  speed  (which  typically  is  the 
case  when  fishing).  Thus  the  prime  target  when 
searching  for  fishing  vessels  in  ERS-1  data 
should  be  the  ship  itself,  not  its  wake.  Of 
course,  the  wake  may  be  an  excellent  source  of 
information  when  monitoring  merchant  ship 
traffic. 

A  major  difference  between  aircraft  and 
satellite  SAR  is  the  wide  range  of  incidence 
angles  present  in  aircraft  SAR  images.  Of 
course,  ships  and  oil  rigs  stand  out  more 
clearly  at  larger  incidence  angles  in  the 
N0RCSEX'88  SAR  data.  The  incidence  angle 
chosen  for  ERS-1  is  far  from  ideal  for  ship 
detection  purposes. 

Another  very  important  difference  between 
aircraft  and  satellite  SAR  is  the  effect  of 
velocity  bunching.  The  larger  R/V  ratio  of 
satellites  makes  them  much  more  sensitive  to 
wave  motion.  During  NORCSEX'88  the  wind  speed 
often  dropped  to  a  favourable  level  for  wake 
imaging,  but  the  significant  waveheight  seldom 
was  below  1.5-2  m  due  to  swell.  For  ships  in 
azimuthal  motion,  velocity  bunching  will  not 
matter  much,  as  an  azimuthally  aligned 
turbulent  wake  is  invariant  under  this 
mechanism.  But  turbulent  wakes  behind 
range-going  ships  may  become  severely  degraded 
in  ERS-1  SAR  images  because  of  scatterers 
"thrown"  into  the  wake  from  the  ambient  sea 
through  the  velocity  bunching  mechanism. 
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ABSTRACT 

Radar  backscatter  studies  of  Arctic  sea  Ice  have 
been  carried  out  over  a  number  of  years  now  with  the 
intent  to  acquire  physical  property  Information 
through  by  the  examination  of  microwave  signatures. 

The  breadth  of  these  studies  continues  to  expand.  As 
an  example,  measurements  are  now  conducted  at 
frequencies  from  500  MHz  to  about  100  GHz.  One  of  the 
scientific  goals  of  this  work  has  been  to  develop  an 
improved  understanding  of  the  scattering  processes  at 
play.  A  second,  equally  important,  goal  has  been  to 
apply  the  knowledge  gained  in  examining  the 
backscatter  response  of  ice  and  snow  made  in 
conjunction  with  detailed  scene  characterizations,  the 
insight  gained  through  theoretical  modeling  and 
parametric  study,  and  the  data  entered  into  the  radar 
signature  library  to  develop  procedures  to  convert 
microwave  signal  Information,  available  in  the  very 
near  future,  into  valuable  data  products,  ultimately 
providing  the  opportunity  for  us  to  better  understand 
our  environment.  The  purpose  of  this  paper  is  to 
provide  a  discussion  of  what  has  beer,  learned  through 
the  many  efforts  associated  with  the  near-surface 
scatterometer  measurement  programs  and  how  the 
knowledge  gained  is  assisting  in  the  development  of 
future  sea  ice  type  satellite  algorithms. 


INTRODUCTION 


One  of  the  most  important  pieces  of  geophysical 
information  that  must  be  obtained  from  satellite 
observation  of  the  frozen  ocean  Is  ice  type.  A  wide 
array  of  categories  have  been  defined  by  the  World 
Meteorological  Organization  and  are  related  to 
thickness,  age  or  formation  characteristic.  Basic 
categories  Include  new  (0  to  10  cm  thick),  young  (10 
to  30  cm  thick),  first  year  (>  30  cm  thick),  second 
year  (  survived  one  melt  season)  and  multiyear 
(survived  multiple  melt  seasons).  The  ability  of 
determining  ice  type  using  space-based  sensors  is 
dependent  on  spatial  resolution  and  the  region  unuer 
observation.  In  the  marginal  ice  zone  (MIZ)  the 
mixture  of  floes  of  various  ice  types  have  diameters 
which  are  small,  ranging  from  10  to  200  m,  and  at  some 
point  have  experienced  moderate  deformation.  Ice 
tends  to  be  thick  either  because  ice  must  be  thick  to 
survive  in  this  dynamic  region,  because  thin  ice  is 
rapidly  crushed  during  the  constant  collisions  with 
other  flees,  or  because  of  the  rafting  of  tnin  ice 


floes.  Small  ice  pieces  between  floes,  and  the  ridges 
or  blocks  strewn  around  floe  rims,  and  the  moderately 
deformed  floe  interiors  produce  significant 
backscatter.  In  regions  of  constant  shear,  such  as 
between  shorefast  and  pack  ice,  processes  are  very 
dynamic  and  result  in  topographically  rough,  spatially 
variable,  and  very  thick  formations.  Backscatter  is 
strong  and  variable  regardless  of  original  Ice  type. 

The  region  which  is  spatially  the  most  significant  is 
the  pack  ice  portion  of  the  Arctic  Ocean.  Here  floes 
are  frozen  into  fields  which  float  as  sheets  with 
sizes  often  many  ten's  of  kilometers.  Ridge  building 
due  to  pressure  Is  the  major  deformation  event. 

IN-SITU  SCATTEROMETER  PROGRAMS 

By  1976  the  need  to  coordinate  detailed  microwave 
and  surface  measurements  was  well  recognized.  In 
addition,  because  existing  sensor  parameters  varied 
and  future  sensors  were  still  undefined  it  was 
Important  to  acquire  data  over  a  wide  range  of 
frequencies,  polarizations,  and  incidence  angles.  It 
Is  interesting  to  note  that  the  first  measurements 
were  made  at  1.5  GHz  and  multiple  frequencies  between 
8  and  18  GHz  [1].  Today  they  are  made  from  0.5  to  100 
GHz  (i.e.  CEAREX).  The  sea  ice  measurement  program 
began  at  the  University  of  Kansas  by  Richard  K.  Moore 
and  the  author  with  a  tripod-type  structure  (1976) 
whose  characteristic  was  to  provide  a  constant  range. 

It  has  been  extended  to  operation  from  helicopter, 
surface  ship,  sled,  and  gantry  (laboratory  facility). 
Microwave  scene  characterization  experiments  began  in 
1977  at  Point  Barrow  in  conjunction  with  W.F.  Weeks 
(CRREL  and  Univ.  of  Alaska)  who  served  as  mentor  for 
sea  ice  property  measurements.  Numerous  measurement 
programs  were  then  conducted  with  R.  Ramsieier  (AES 
Canada)  with  whom  measurement  of  physical-chemical 
properties  would  be  finely  honed  with  the  goal  of 
relating  specific  microwave  responses  and  processes  to 
ice  properties.  Measurements  were  made  of  the  surface 
for  the  calculation  of  roughness  statistics  (rms 
height  and  correlation  length),  of  the  salinity  and 
density  profiles  with  fine  depth  resolution  (1  cm 
soarings  in  the  ton  20  cm  of  the  Ice  sheet)  to 
describe  a  rapidly  changing  permittivity,  and  of  the 
brine  or  brine-slush  layer  which  resides  on  all  new 
and  first-year  ice  forms.  Coordinated  active  (near¬ 
surface  scatterometer  and  SLARl  and  passive  microwave 
(aircraft  Imager  and  profilers)  measurements  began 
with  those  made  at  Mould  Bay  In  1981  as  did  the  use  of 
radar  (SLAR)  Imagery  in-situ  experiment  planning. 
Coordination  of  surface  active  and  passive  microwave 


370 


measurements  which  began  at  Mould  Bay  in  1982  have 
continued  with  CEAREX  and  CRRELEX  being  examples  of 
the  most  recent  Investigations.  Basic  information 
about  these  measurements  programs  is  provided  in  Table 
1.  It  is  important  to  note  that  as  of  this  year 
significant  studies  have  been  conducted  during  all 
seasons,  except  perhaps  the  very  end  of  summer  when 
the  ice  drains,  remains  drained,  and  then  begins  to 
freeze.  All  major  ice  types  have  now  been  observed. 
Possibly  the  greatest  weakness  in  the  existing 
observations  is  that  of  region.  Studies  have  been 
made  in  the  Chuckchi,  Beaufort,  Greenland,  and  Barents 
Seas,  with  almost  no  study  of  the  Central  Arctic. 

OBSERVATIONS 

In  examining  under  what  conditions  ice  types  may 
be  discriminated  using  radar  it  was  determined  that  it 
was  important  to  (a)  have  data  acquired  over  a  wide 
range  of  conditions  where  both  the  microwave  and 
physical-electrical  properties  are  well-characterized, 
(b)  be  able  to  Interpret  the  empirical  observations 
with  supporting  electromagnetic  scattering  theory  and 
model  predictions,  and  (c)  to  study  the  variation  in 
sea  ice  physical-electrical  properties.  Early  on  it 
was  hypothesized  that  first  year  ice  backscatter  Is 
dominated  by  surface  scattering  and  multiyear  ice  by 
volume  scatter.  The  critical  Issues  have  been  in 
documenting  under  what  conditions  this  Is  true,  at 
what  frequencies  and  polarizations,  can  this 
difference  be  exploited,  what  are  the  optimum  radar 
parameters  for  ice  type  discrimination,  and  given  a 
radar  parameter  set  what  is  the  anticipated 
performance. 

The  parameters  and  conditions  which  have  a 
critical  influence  on  backscatter  intensity  and  are 
typical  are  listed  in  Table  2  as  a  function  of  major 
Ice  type.  The  attempt  here  is  to  list  these 
parameters  in  their  relative  order  of  Importance. 

When  optimizing  for  ice  type  discrimination,  the  keys 
to  Information  exploitation  are  (a)  multiyear  ice 
produces  a  strong  volume  scatter  due  to  the  presence 
of  a  low  density  Ice  layer  In  the  upper  portion  of  the 
ice  sheet  (a  minimum  thickness  of  about  2  cm  is 
required),  (b)  first  year  ice  returns  are  dominated 
by  surface  scatter  and  variations  in  surface  roughness 
scales  produce  large  changes  in  backscatter  levels, 
and  (c)  new  ice  returns  are  weak  (off-vertical) 
because  surfaces  are  very  smooth. 

For  multiyear  ice  during  winter,  volume  scatter 
dominates  at  frequencies  beyond  10  GHz  where  as  at 
some  frequency  below  about  5  GHz  surface  scattering 

begins  to  dominate.  For  first  year  Ice  surface 
scattering  dominates  below  15  GHz.  Snow  has  little 
Impact  on  multiyear  ice  backscatter  but  enhances  first 
year  and  new  ice  backscatter  [2]. 

The  evolution  of  the  microwave  signatures  during 
summer  is  quite  complex.  The  reader  Is  referred  to 
the  discussion  provided  in  the  paper  by  Onstott  et  al 
[3].  During  the  first  part  of  summer  the  wet  snowpack 
and  warm  ice  sheet  produces  no  significant  volume 
scatter.  First-year  and  multiyear  ice  backscatter 
becomes  difficult  to  distinguish.  By  midsummer,  thin 
first  year  ice  backscatter  is  enhanced  due  to  an 
increased  small  scale  surface  roughness  from  a 
superimposed  ice  layer  which  forms  at  the  snow-ice 
interface  and  a  snow  thickness  reduced  by  melt.  After 
midsummer,  the  backscatter  contrast  between  first  year 
and  multiyear  Is  Improved  because  first  year  Ice 
roughness  elements  are  smoothed  by  melt  and  multiyear 
ice  continues  to  have  a  complex  topography. 

Data  have  been  acquired  to  verify  empirically  the 
Importance  of  volume  scattering  and  the  low  density 
ice  layei  to  multiyear  ice  backscatter! ng  and  of 
surface  scattering  as  the  dominant  process  for  first 


year  ice.  Spatial  scanning  a  surface-based 
scatterometer  operating  at  5  GHz  produced  the  radar 
maps  provided  in  Figure  1  and  2.  Range  is  Inversely 
proportional  to  the  (intermediate)  frequency  shown. 

The  key  features  are  that  (a)  the  returns  for  first 
year  ice  backscatter  are  confined  to  its  surface  and 
few  emanate  from  within  the  ice  sheet,  (b)  returns  are 
strong  in  the  region  where  the  low  density  Ice  layer 
is  present  and  are  produced  below  the  snow-ice 
interface,  and  (c)  the  returns  in  the  meltpool  region 
of  the  multiyear  ice  sheet  where  the  3-m  thick  ice 
sheet  is  topped  by  40  cm  of  fresh  Ice  the  returns  are 
weak  even  though  the  ice  contained  larger  gas  bubbles 
(3  to  4  mm  diameters)  but  in  numbers  not  large  enough 
to  create  a  significant  backscatter.  In  Figure  2  is  a 
24m  x  20  m  ground  map  of  backscatter  Intensities 
acquired  for  these  same  multiyear  ice  features.  These 
data  show  that  the  returns  are  20  dB  lower  in  the 
region  of  the  meltpool.  What  Is  demonstrated  here  is 
the  Important  of  the  low  density  ice  layer  in 
producing  the  enhanced  return  observed  from  multiyear 
ice.  In  addition,  it  not  enough  that  discontinuities 
are  present,  they  have  to  be  present  in  sufficient 
numbers,  hence,  upper  ice  sheet  density  is  a  critical 
factor. 

Based  upon  measured  data,  physical  properties,  and 
a  theoretical  foundation,  predictions  based  on 
electromagnetic  modeling  were  made.  The  role  of 
volume  and  surface  scattering  were  examined  in  the 
context  of  multiyear  and  first  year  ice. 
Characterizations  were  made  In  terms  of  the  low 
density  ice  layer  (l.e.  thickness,  air  bubble  size, 
density,  and  complex  dielectric  constant)  of  the 
multiyear  ice  and  the  surface  of  the  first  year  Ice 
(rms  height,  correlation  length,  and  dielectric 
constant).  In  addition,  the  importance  of  the  surface 
roughness  of  multiyear  ice  was  examined  as  illustrated 
In  Figure  3.  Multiyear  Ice  with  a  rough  surface 
produces  an  enhanced  backscatter  at  the  low 
frequencies,  but  a  slightly  reduced  volume  scatter  at 
high  frequencies.  This  figure  shows  the  range  of 
surface  scatter  which  may  be  occur  for  reasonable 
surface  roughness  values. 

One  of  the  key  studies  made  during  CEAREX  by 
Onstott  was  of  the  variation  In  the  thickness,  density 
and  air  bubble  composition  of  the  multiyear  low 
density  ice  layer.  Based  upon  these  In-sltu 
observations  predictions  of  backscatter  levels  as  a 
function  of  density  and  layer  thickness  have  been  made 
for  1 ntercorcparl son  with  measured  data.  As  is 
supported  by  the  model  predictions  shown  in  Figure  4, 
backscatter  intensity  should  be  very  sensitive  to 
layer  thickness  for  surfaces  that  are  not  rough.  This 
response  Is  observed  in  the  CEAREX  data.  Layer 
thicknesses  range  from  0  to  15  cm  and  air  bubble  sizes 
of  about  1.5  mm  Is  typical. 

Significant  variations  in  the  backscatter  of  both 
multiyear  and  first  year  ice  can  occur  due  to 
variations  in  surface  roughness  and  properties  of  the 
low  density  Ice  layer  of  multiyear.  The  range  of 
variations  Illustrated  in  Figure  5  are  predicted 
values  based  on  measured  physical  properties  values. 
Observations  shown  in  Figure  6  were  made  during 
CRRELEX-89  [4]  and  serve  to  Illustrate  the  extreme 
range  of  possible  signatures.  In  this  case,  those  of 
thin  first-year  ice."  Data  have  been  acquired  to 
address  the  Important  issue  as  to  what  is  typical  and 
what  is  the  variation  in  the  physical  properties? 

For  this  discussion  it  Is  assumed  that  the  number 
of  spatial  samples  Included  in  an  observation  is  large 
enough  that  sampling  is  not  the  dominant  Issue  and  we 
can  examine  floe-to-floe  variability  and  differences 
In  mean  cross-sections.  In  discriminating  multiyear 
Ice  from  thinner  ice  the  enhancement  gained  through 
volume  scattering  is  exploited.  Air  bubbles  are 
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typically  about  lmm  to  2mm  in  diameter.  Operation  at 
frequencies  greater  than  about  4  GHz  is  necessary  and 
contrast  is  known  to  improve  with  frequency  up  to  at 
least  18  GHz,  with  optimum  frequencies  probably  from  8 
to  18  GHz.  Operation  at  L-band  (l.e.  1.25  GHz)  has 
been  demonstrated  to  be  too  low  and  at  Ka-band  (i.e. 

35  GHz)  all  surfaces  may  appear  rough.  The 
enhancement  in  volume  scatter  by  choosing  a  smaller 
wavelength  may  be  offset  by  an  enhanced  surface 
scatter.  Operation  at  C-band  is  a  reasonable 
compromise  because  during  the  period  after  midsummer 
It  Is  Important  to  penetrate  the  thin  snow  pack  and 
produce  scatter  from  the  rough  snow-ice  Interface 
which  allows  the  discrimination  of  thin  and  thick  ice. 

Discrimination  of  second  year  from  multiyear  ice 
depends  on  differences  in  backscatter  intensity  which 
arises  due  to  differences  in  the  thickness  of  the  low 
density  ice  layer.  Observations  at  Mould  Bay  in  1983 
and  CEAREX-88  suggest  that  the  second-year  low-density 
ice  layer  is  less  well  developed  in  both  thickness  and 
size  on  air  bubbles.  Returns  fall  between  multiyear 
ice  and  moderately-rough  first-year. 

To  H^criminate  between  first  year  and  thin 
ice  types  It  is  necessary  to  exploit  the  differences 
between  surface  roughness  and  dielectric  constant. 
There  are  two  major  dielectric  constant  regimes;  one 
when  the  ice  is  very  new  and  the  other  contains  all 
remaining  cases.  The  case  in  which  a  slush  layer  is 
present  on  thin-to-thick  ice  probably  falls  Into  the 
second  category  due  to  the  presence  of  snow  and  Its 
expected  effect.  Observations  during  CEAREX  suggest 
that  a  slush  and  snow  layer  composite  tends  to  reduce 
backscatter  intensities.  New  ice  can  be  discriminated 
older  first  year  ice  because  of  its  very  smooth 
surface.  As  first  year  ice  ages  the  key  consideration 
Is  a  canopy  composed  potentially  of  frost  flower 
remnants,  snow,  and  metamorphosed  snow.  As  the  canopy 
becomes  thicker,  ice  crystals  enlarge,  and  the  Ice 
surface  roughens  backscatter  will  be  enhanced. 

Analysis  of  CEAREX  data  will  provide  the  additional 
information  needed  to  determine  if  medium  and  thick 
first-year  ice  are  discriminate. 


SUMMARY 

This  paper  presents  the  logic  and  mechanisms  used 
in  discriminating  sea  ice  types.  The  quantitative 
analysis  was  reserved  for  the  presentation  at  the 
symposium.  The  ability  to  discriminate  ice  types  have 
been  summarized  in  Figures  7  for  winter  conditions  and 
Figure  8  for  summer  conditions.  These  curves  are 
based  on  measured  data  and  model  predictions. 
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Figure  2.  Data  Acquired  Using  the  Sled-Based 

Scatterometer  to  Create  a  Radar  Backscatter 
Hap  of  a  24  m  x  20  m  area.  These  Data  Were 
Acquired  at  5.0  GHz.  VH-Polarlzatlon,  and 
an  Incidence  Angle  of  40  Degrees.  The 
Scene  Is  Composed  of  a  Frozen  Fresh  Water 
Heltpool  in  a  Multiyear  Sea  Ice  Background. 
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Figure  3.  Theoretical  Frequency  Behavior  of  Radar 

Scattering  Coefficient  for  Smooth  and  Rough 
Surfaces. 


Figure  1.  Examination  of  the  Return  Power  Spectra 
Have  Provided  Empirical  Validation  of  the 
Important  Scattering  Mechanisms  of  First- 
Year  (l.e.,  Surface  Scattering)  and 
Multiyear  (l.e.,  Volume  Scattering)  Ice. 
These  Data  were  Collected  at  5.0  GHz,  VV- 
Polarlzatlon. 
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Figure  4.  Predicted  Scattering  Coefficients  at  5  GHz 
for  Various  Low  Density  Ice  Layer 
Conditions. 
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Figure  6.  Radar  Scattering  Coefficients  at  5.25  GHz 
for  Very-Rough  (cr«  0.5  cm  and£=  1.5  cm) 
and  Slightly-Rough  (<r«  0.05  cm  andi«  1.6 
cm)  Observed  During  CRRELEX  '89  [Ref.  4]. 


Figure  5.  Theoretical  Angular  Variations  of  a"  of 
Multiyear  Ice  and  First-Year  Ice  Using 
Measured  Physical  Property  Parameters. 
[Kim  et  al.  19851. 
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Figure  7.  Major  Ice  Types  Which  May  be  Discriminated 
During  Winter. 
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Figure  8.  Major  Ice  Types  Which  May  be  Discriminated 
During  Summer. 


DISCRIMINATION  BETWEEN  NEW  SEA  ICE  AND  OPEN  WATER  -  COMPARISON 
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Areal  abundances  and  distributions  of  thin  first  year  sea  ice 
and  open  water  are  of  particular  importance  in  modulating  heat 
and  salt  fluxes  in  ice-covered  oceans.  Thus  it  is  of  particular 
interest  to  discriminate  open  water,  thin  new  ice  (of  thickness  less 
than  a  few  tens  of  centimeters),  and  thicker  (first-  and  multi-year) 
ice  in  remote  sensing  data.  We  present  a  comparison  of  signature 
modeling  and  experimental  results  for  multi-polarization  active 
microwave  measurements  at  C-band.  Theory  suggests  a  means  of 
discriminating  thin  ice  from  open  water  using  a  multipolarization 
C-band  synthetic  aperture  adar  (SAR). 

Theoretically,  we  employ  the  small  perturbation  method  for 
rough  surface  scattering  from  new  sea  ice  at  C-band,  taking  the 
model  beyond  first  order  so  as  to  account  for  depolarization.  We 
combine  this  with  a  simple  model  for  the  dielectric  constant  of 
new  ice  as  a  function  of  thickness.  We  compare  predictions  from 
this  combination  of  models  with  near-backscattering  data  from 
artificial  new  ice  gathered  as  pan  of  the  CRRELEX  experiment  at 
the  Cold  Regions  Research  and  Engineering  Laboratory  during 
1988  and  1989.  Model  predictions  for  the  ratio  of  like-polarized 
backscattering  cross  sections  suggest  that  this  signature  may  be 
useful  for  discrimination  of  open  water  from  ice  thicker  than 
approximately  10  cm. 


Key  Words:  new  ice/open  water  discrimination,  polarimetry 
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ABSTRACT 

As  sea  ice  grows  and  ages  the  structure  and  composition 
of  the  upper  layers  of  the  ice  change  in  a  manner  that 
produces  distinctive  microwave  signatures  for  a  wide 
range  of  ice  "types"  under  cold  conditions.  As 
temperatures  rise  above  ~-5*C,  these  signatures  undergo 
transitions  due  to  changes  in  liquid  water  content  and 
snow  cover  recrystall ization  until  they  are  ultimately 
dominated  by  surface  roughness  and  free  water  in  the 
middle  of  the  melt  season. 

Ice  classification  can  thus  be  based  on  multi¬ 
polarization,  multi -frequency  passive  microwave 
measurements  of  emissivity  (or  brightness  temperature) 
or  on  multi-frequency,  multi-polarization  active 
microwave  measurements  of  scattering  cross-sections. 

The  complementary  nature  of  scattering  and  emissivity 
make  combined  active/passive  signature  measurements  a 
particularly  powerful  ice  classification  tool. 

This  paper  reviews  previously  reported  active/passive 
sea  ice  signature  studies  with  emphasis  on  ice 
classification  problems. 

1.  INTRODUCTION 

Two  ongoing  areas  of  concern  for  human  activities  in 
sea-ice  infested  waters  are  the  ice  concentration  and 
the  spatial  distribution  of  the  sea  ice  types  present. 
Sea  ice  types  are  defined  by  the  stage  of  growth,  the 
mechanical  history  and  thermal  histories  of  individual 
floes  and  consolidated  areas  within  the  ice  cover.  When 
regional  information  is  included,  the  range  of  mechan¬ 
ical  properties  of  the  elements  of  the  ice  pack  can  be 
inferred.  The  ice  concentration,  combined  with  the  ice 
type  distribution  indicates  existing  and  potential 
navigation  hazards  in  the  ice  pack  for  vessels  of  a 
given  class  and  also  defines  useable  routes.  From  a 
scientific  viewpoint  the  ice  type/concentration 
information  has  much  broader  implications  (climatology, 
transport  mechanisms,  etc.). 

The  purpose  of  this  paper  is  to  outline  some  of  the  work 
that  has  been  done  and  some  of  the  problems  that  have 
been  encountered  in  sea-ice  classification  using 
microwave  sensors. 

This  paper  is  not  a  comprehensive  review  of  the  art  nor 
are  the  references  used  of  any  special  significance, 
other  than  providing  snapshot  views  of  a  far  ranging 


and  vigorous  field  of  research. 

2.  SEA  ICE  AND  ITS  SIGNATURES 

As  sea  ice  grows  from  a  loose  suspension  of  ice  crystals 
in  the  sea  surface  to  a  massive  solid,  the  surface 
layers  undergo  a  series  of  transformations  in  crystal 
structure,  brine/air  inclusion  density,  shape  and  size 
as  well  as  surface  granularity  and  larger  scale  surface 
roughness.  In  mechanically  disturbed  areas  such  as 
marginal  ice  zones  the  normal  "quiet"  evolution  of  the 
ice  surface  is  augmented  by  brash  formation  prior  to 
consolidation,  ice  levee  build  up  at  the  edges  of 
consolidated  ice  cakes  and  rafting.  Mechanical  effects 
in  thicker,  "brittle11  pack  ice  include  rafting  (in  thin 
young  ice)  and  ridging  (in  thicker  ice).  As  surface 
temperatures  decrease  towards  -40*  the  brine  volume  in 
the  surface  layers  decreases.  Periodic  warming  to  near 
the  freezing  point  results  in  recrystallization,  brine 
migration  and  the  growth  of  air  filled  voids  (bubbles). 
Accumulating  snow  cover  at  various  phases  of  ice  growth 
alters  the  small  scale  surface  structure  in  ways  that 
are  dependent  on  the  ice  growth  stage  and  local 
temperature.  These  changes  are  preserved  as  the  ice 
grows  to  its  final  thick  first  year  mature  stage.  Scale 
sizes  of  surface  elements  vary  from  less  than  1  mm  (air 
bubbles,  brine  pockets  and  crystals)  to  more  than  1  m 
(ridge  rubble). 

The  ice  decay  process  is  characterized  by  an  increase 
in  moisture  within  the  overlying  snow  pack  and 
recrystall ization  at  the  snow-ice  interface;  an 
accumulation  of  water  at  the  snow-ice  interface  and  the 
growth  of  superimposed  rough  ice;  melt  pond  formation 
and,  (in  close  pack)  eventual  surface  flooding.  Thin 
ice  disintegrates,  thicker  ice  loses  much  of  its  surface 
layer  salinity  through  brine  drainage  and  brine 
Inclusions  are  replaced  by  air  pockets.  If  the  first 
year  ice  survives  until  the  melting  process  is  halted 
by  a  return  to  lower  temperatures  it  is  transformed  to 
second  year  ice  -  which,  by  virtue  of  its  decreased 
salinity  is  much  stronger  than  the  mature  first  year 
ice.  It  also  has  very  different  surface  layer 
characteristics. 

Ice  that  survives  more  than  one  summer's  melt  becomes 
multi-year  ice  and  has  surface  layer  characteristics 
that  stabilize  (in  a  statistical  sense)  with  increasing 
age.  Within  this  simple  minded  outline  of  the  history 
of  sea  ice  are  many  developmental  stages  with 
recognizable  characteristics  -  "ice  types"  -  if  you 
like.  The  youngest  consolidated  ice,  Nilas,  is  very 
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smooth  and  very  fragile  and  has  a  film  of  high  salinity 
brine.  Left  undisturbed  Nilas  grows  to  "grey"  ice  which 
in  turn  thickens  to  "grey  white  ice".  With  time  and  low 
temperatures,  "grey-white  ice"  becomes  first  year  ice. 

A  more  rigorous  discussion  of  ice  types  and 
characteristics  can  be  found  in  [1].  The  foregoing, 
however,  is  sufficient  to  sketch  the  scope  of  the 
classification  problem. 

In  principle  the  problem  of  classifying  sea  ice  in  a 
region  reduces  to  the  problem  of  observing  the  detailed 
evolution  of  all  ice  formed  in  and  transported  through 
the  region  of  interest.  Since  time  sequence  observation 
with  high  temporal  and  spatial  resolution  is  at  present 
impractical,  signatures  that  will  summarize  the  salient 
elements  in  a  snapshot  view  are  required. 

The  sea  ice  and  its  snow  cover  is  in  general  a  three 
phase  medium;  ice  crystals,  air  pockets  and  brine.  Each 
constituent  has  a  very  different  complex  dielectric 
constant  at  microwave  frequencies  and  exists  in 
characteristic  sizes,  shapes,  volume  distributions  and 
surface  distributions  at  each  stage  of  ice  development 
and  thermal  history.  The  surface  and  volume 
distributions  of  the  phases  contribute  to  the  scattering 
and  extinction  of  incident  electromagnetic  waves  and  to 
the  scattering  and  source  energy  of  thermal  emissions. 
Since  the  scale  sizes  of  the  constituents  (-mm  to  -  cm 
within  the  ice/snow  volume  and  -mm  to  -m  on  the  ice 
surface)  correspond  to  the  range  of  wave  lengths  found 
in  the  microwave  portion  of  the  spectrum,  characteristic 
microwave  signatures  are  expected. 

Because  of  its  large,  complex  dielectric  constant  at 
microwave  frequencies,  the  liquid  phase  plays  a  dominant 
role  under  warm  conditions  and  is  important  in 
establishing  radiation  penetration  depths  in  the  ice  at 
all  other  times. 

In  spite  of  the  sometimes  varied  histories  of  ice 
samples  comprising  an  ice  type,  early  airborne 
experiments  with  active  [2]  and  passive  [3]  instruments 
showed  that  ice  type  dependent  signatures  do  exist.  As 
a  result,  the  relationships  between  the  structures  of 
sea  ice  and  its  microwave  characteristics  have  been  a 
subject  of  ongoing  research  a)  in  the  field  [4],  [5], 
[6],  [7],  [8],  [9],  [10],  [11],  [12]  and  b)  in  the 
laboratory  [13],  [14],  [15]. 

From  airborne  and  surface  experiment  results,  ice  type 
signatures  based  on  single  frequency,  single 
polarization  active  or  passive  point  measurements 
contain  fundamental  ambiguities  from  the  ice 
classification  viewpoint  [16] . 

Early  multi-sensor,  multi -frequency,  polarization 
diversified  experimental  data  sets  [17],  [18],  [19], 
[20]  indicated  three  possible  approaches  to  resolve  the 
ice  classification  ambiguity  problem  in  a  point  by  point 
measurement  basis: 

(a)  spatially  and  temporally  coincident  multi¬ 
frequency  multi -polarization  measurement  of 
microwave  brightness  temperatures; 

(b)  measurement  of  spatially  and  temporally  coincident 
scattering  cross  sections  using  multiple 
frequencies  ^nd  polarizations; 

(c)  measurement  of  spatially  and  temporally  coincident 
multiple  polariz.-Mon  scattering  cross  sections 
and  microwave  brightness  temperatures. 


All  three  approaches  have  been  pursued  over  the  past 
decade  with  reasonable  success. 

3.  COMBINED  ACTIVE-PASSIVE  SIGNATURES  OF  SEA  ICE 

The  active-passive  investigations  followed  from  an 
observation  based  on  figure  4  in  [20]  that  simultaneous 
scattering  cross  section  and  emissivity  measurements 
could  indeed  be  complementary  elements  of  a  sea  ice 
signature  set.  Results  of  a  winter  Beaufort  Sea  exper¬ 
iment  in  1979  were  particularly  exciting  when  expressed 
in  a  scattering  cross  section,  depolarization  ratio, 
emissivity  feature  space1  [21],  [22].  This  became  the 
first  of  a  series  of  airborne  experiments  conducted  from 
1979  to  1982  to  investigate  the  seasonal  and  regional 
dependencies  of  multi -parameter  sea  ice  signatures  [23], 
[24],  [25].  The  work  as  summarized  in  [26]  noted: 

a)  During  the  fall,  winter  and  early  spring  major  ice 
types  are  separated  by  more  than  one  standard 
deviation  in  a  feature  space  whose  axes  are  the 
HH  and  HV  polarized  13.3  GHz  normalized  scattering 
cross  sections  at  45'  incidence  angle  and  the  H 
polarized  19.4  GHz  emissivity  at  45*  incidence 
angle.  Ice  type  classification  accuracies  in  this 
space,  for  this  period  exceed  95%. 

b)  In  the  early  spring,  transformations  within  the 
snow  pack  produce  multiple  distinct  signatures  for 
the  same  ice  type  and  regional  effects  are 
probably  very  significant. 

c)  During  the  late  spring  the  snow-ice  interface  is 
saturated  with  water  and  the  wet  snow  cover 
precludes  the  measurement  of  ice  type  signatures. 
In  mid-summer,  the  water  saturated  ice  surface  and 
the  melt  pond  distribution  on  the  ice  severely 
limit  the  classification  potential  of  this 
technique.  The  ice  is  still,  however, 
distinguishable  from  open  water  but  it  must  be 
noted  that  a  melt  pond  constitutes  open  water. 

The  technique  explored  in  this  research  program  used 
data  from  co-registered  profiling  radiometer  and 
scatterometer  sensors  with  similar  resolution  cell 
sizes.  Its  generalization  to  imaging  sensors  (either 
airborne  or  spaceborne)  requires  registration  of  near 
simultaneous  data  from  spatially  offset  vehicle  tracks 
for  sensors  which  are  either  located  on  a  single 
platform  or  on  separate  platforms. 

A  suggestion  by  Cavalieri  et  al  [27]  would  combine 
spaceborne  SAR  and  radiometer  data  for  ice  concentration 
(and  possibly  ice  type)  measurements.  Because  of  the 
very  large  mismatch  in  resolution  cell  size  (12  to  30 
km  for  the  radiometers  and  15  to  30  m  for  the  SAR)  some 
difficulties  are  anticipated  in  generating  a  simple  data 
combination  algorithm. 

A  recent  experiment  [28]  completed  in  the  Newfoundland 
ice  pack  in  March  1989  combines  spatially  overlapped, 
two  frequency  airborne  SAR  data  and  scatterometer  data 
from  one  aircraft  with  two  frequency  scanning  radiometer 
data  from  another  aircraft  over  a  surface  measurement 
site.  The  proposed  analysis  will  examine  combined 
act i ve/pass t ve  signatures  for  a  range  of  possible 
feature  spaces. 


lIt  is  suggested  in  [16]  that  the  feature  space 
used  is  in  no  sense  unique  for  ice  signature 
presentation  and  that  multi- frequency  scattering  data 
or  multi -frequency  radiometer  data  could  be  usefully 
displayed  in  similar  form. 
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4.  HULTI -PARAMETER  PASSIVE  SIGNATURE  OF  SEA  ICE 

The  multi -frequency  passive  microwave  studies  of  Wilheit 
et  al  [3]  represent  the  starting  point  for  a  long 
sequence  of  airborne  experiments  aimed  at  understanding 
and  quantifying  the  seasonal  and  regional  behaviour  of 
sea  ice  brightness  temperature  signatures  [17],  [19], 
[29],  [30],  [31].  In  summary,  this  research  has  shown 
that  well  defined  passive  microwave  signatures  exist  for 
a  variety  of  sea  ice  types  under  cold  conditions  and 
that  brightness  temperature/ ice  type  ambiguities  seen 
in  single  frequency  data  can  be  resolved  by  combining 
measurements  at  two  or  more  frequencies  and  both  linear 
polarizations. 

The  launch  of  the  Electrically  Scanning  Microwave 
Radiometer  (ESMR-5)  aboard  the  Nimbus  5  satellite  in 
1972  provided  a  first  global  look  at  the  earth's  ice 
cover  [32].  However,  the  single  channel,  single 
frequency  sensor  could  not  be  reliably  used  for  accurate 
total  ice  concentration  or  for  multi-year  ice  fraction 
measurements  from  a  single  pass  without  auxiliary  data 
[33],  [19].  The  launch  of  the  Scanning  Multi-channel 
Microwave  Radiometer  (SMMR)  on  Nimbus  7  in  1978  overcame 
the  ESMR  single  channel  limitation  by  providing  ten 
radiometer  channels  (Horizontal  and  Vertical 
polarizations  at  five  frequencies  between  6.6  GHz  and 
37  GHz).  Algorithms  developed  for  analyzing  SMMR  data 
make  use  of  the  multi-channel  aspect  of  the  data  set  to 
solve  for  a  range  of  variables  [34], 

An  assessment  of  total  ice  concentration  and  multi-year 
ice  fraction  measurement  accuracy  for  freeze  up 
conditions  [35]  has  reported  SMMR  ice  concentration 
errors  -  +  3%  and  multi-year  ice  concentration  errors 
-  ±  10%  when  compared  to  aircraft  measurements  in  a  test 
area  between  Greenland  and  Svalbard  in  1979. 

To  investigate  the  winter  (relatively  stable)  emissivity 
signatures  measured  by  SMMR  for  the  arctic,  Comiso  [36] 
employed  a  series  of  feature  spaces  where  axes  were 
emissivities  at  specific  frequencies  and  polarizations. 
Cluster  analysis  performed  in  these  spaces  reveal  the 
existence  of  5  different  signatures  for  consolidated  ice 
in  the  arctic.  Some  of  these  have  been  associated  with 
ice  type  (first  year,  multi-year),  others  are  considered 
to  represent  variations  in  surface  conditions.  Co¬ 
planarity  tests  in  the  feature  spaces  failed  to  reveal 
unambiguous  mixing  ratios  in  the  10.7,  18  and  37  GHZ 
data  that  would  serve  as  a  basis  for  reliable  extraction 
of  specific  cluster  signatures  within  the  "multi-year 
ice"  set. 

One  of  the  limitations  of  spaceborne  radiometers  for  sea 
ice  type  classification  is  the  large  resolution  cell 
size  produced  by  the  imaging  geometry  (30  km  x  30  km 
for  the  37  GHz  channels  of  SMMR).  As  a  result  the 
contents  of  a  given  cell  must  be  inferred  from  mixing 
formulae  using  available  coarse  resolution  data  and  a 
detailed  knowledge  of  sea  ice  emissivities  derived  from 
high  resolution  surface  and  airborne  measurements. 
During  the  late  spring  and  summer,  snow  moisture  and 
surface  water  degrade  the  available  major  ice  type 
signatures  [36],  and  surface  free  water  degrades  the  ice 
concentration  measurement  accuracy. 

The  recent  launch  of  Special  Sensor  Microwave/Imager 
(SSM/1)  package  with  its  improved  spatial  resolution  (12 
km)  at  the  85.5  GHz  upper  frequency  may  provide  better 
ice  type  discrimination  from  spaceborne  sensors. 

A  digitally  recorded  two  frequency  airborne  scanning 
radiometer,  AIMR,  has  recently  been  commissioned  by  the 
Canadian  Atmospheric  Environment  Service  for  use  in 


SSM/I  validation.  Early  results  suggest  that  this 
instrument  will  be  a  powerful  tool  for  sea  ice  signature 
research  [37]. 

5.  MULTI-PARAMETER  ACTIVE  SIGNATURES  OF  SEA  ICE 

Since  the  late  1970' s  interest  in  monitoring  arctic  sea 
ice  by  radar  has  driven  a  long  series  of  investigations 
into  the  spectral  properties  of  the  microwave  scattering 
cross  section  of  sea  ice.  The  dominant  group  in  this 
area  was  based  at  the  University  of  Kansas  and 
concentrated  on  first  surface  and  later  near  surface 
(helicopter  borne)  scatterometer  measurements  over  the 
1.0  GHZ  to  35  GHZ  frequency  range.  Initial  studies 
concentrated  on  arctic  winter  ice  in  the  Beaufort  Sea 
[6].  Subsequent  work  followed  the  seasonal  cycle  and 
investigated  arctic  fall  and  summer  conditions  [38], 
[11].  Since  this  time  much  of  the  work  done  by  Onstott 
has  been  concentrated  in  the  Norcsex  marginal  ice  zone 
research  area  between  Greenland  and  Svalbard  over  the 
seasonal  cycle  [39],  [40]. 

Since  the  emphasis  of  this  work  has  been  on  surface  and 
near  surface  local  measurements,  a  large  body  of 
auxiliary  ice  surface  and  snow-ice  interface  data  has 
been  accumulated.  The  combined  radar  cross  section 
measurement  and  surface  data  sets  have  been  used  in  the 
development  of  a  quasi -empirical  ice  scattering  signa¬ 
ture  model  [41]  which  has  proven  to  be  an  extremely 
powerful  tool  for  the  interpretation  and  generalization 
of  the  multi -spectral  scattering  measurements  [42]. 
Results  of  the  accumulated  multi -spectral  studies  have 
shown  that  sea  ice  can  be  reliably  classified  by  ice 
type  from  multi -dimensional  scattering  cross  section 
measurements  under  cold  conditions  (temperature  <  -5*C). 
As  the  high  point  of  the  daily  temperature  cycle 
approaches  and  exceeds  the  freezing  point,  snow  pack 
transformations  (especially  at  the  snow-ice  interface) 
which  alter  the  scattering  signatures  are  observed.  It 
1;  expected  that  some  of  these  transformations  are 
responsible  for  the  multiplicity  of  first  year  ice 
signatures  reported  in  the  active-passive  studies  in  the 
early  melt  period.  As  snow  melt  progresses,  the  wet 
snow  pack  and  accumulated  free  water  at  the  snow  ice 
interface  dominate  the  microwave  scattering  signatures 
and  ice  type  discrimination  by  scattering  becomes  much 
more  difficult.  In  the  marginal  ice  zone  in  the 
Greenland  Sea,  large  areas  of  melt  pond  coverage  were 
not  observed  within  the  ice  pack  and  ice-water 
discrimination  remained  excellent  for  HH  polarized  radar 
throughout  the  measurement  period. 

Recent  developments  at  JPL  have  seen  the  P,  L,  C  band 
SAR  system  applied  to  the  ice  classification  problem. 
Preliminary  three  band  composite  images  [44]  are 
promising  for  use  as  a  sea  ice  classification  tool. 

Onstott  et  al  [43]  provide  a  detailed  description  of 
the  structural  changes  that  occur  in  the  ice  and  its 
snow  cover  from  winter  to  mid-summer  and  show  how  these 
changes  influence  active  and  passive  microwave 
measurements  of  sea  ice  properties.  The  variation  of 
microwave  ice  type  signatures  over  the  summer  period  for 
first  year  and  multi-year  ice  are  explained  and  the 
significance  of  the  remnant  snow  pack  during  this  season 
is  emphasized. 

6.  SUMMARY 

All  three  classes  of  multi-dimensional  microwave 
signature  spaces  discussed  are  fully  capable  of 
providing  accurate  ice  type  identifications  during  the 
portion  of  the  year  when  the  sea  ice  and  its  snow  cover 
are  not  saturated  with  water.  During  the  summer  melt 
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period,  all  electromagnetic  measurement  approaches  to 
sea  ice  classification  degrade  or  fail. 

Carsey  [45]  analyzed  summer  measurements  from  ESMR  and 
SMMR  and  found  that  by  constructing  averages  of 
microwave  brightness  temperature  with  degraded 
resolution  and  combining  this  data  with  synthetic 
aperture  radar  imagery  {SEASAT  in  this  case)  and  with 
spaceborne  scatteror.eter  data,  the  gross  behaviour  of 
the  polar  ice  pack  was  interpretable  over  the  summer 
period.  Sea  ice  concentrations  could  be  inferred  by 
observing  variations  of  the  signatures  with  time. 

This  paper  has  concentrated  on  the  development  of  "point 
by  point"  sea  ice  classification  using  quantitative 
measurements.  The  accurate  interpretation  of  high 
resolution  radar  and  radiometer  images  by  skilled 
professionals  is  well  known.  Less  well  known  are  the 
methods  required  to  automate  this  process  to  provide 
accurate,  machine  interpretation  based  on  spatial 
structure  and  texture  as  well  as  intensity  distribution 
in  an  image.  This  classification  area  is  accumulating 
a  body  of  literature  and  holds  its  own  fascination  but 
unfortunately  lies  beyond  the  scope  of  this  article. 
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ABSTRACT 

X-band  (HH)  synthetic  aperture  radar  (SAR)  data  of 
sea  ice  collected  in  March  and  April  1987  during  the 
Marginal  Ice  Zone  Experiment  (MIZEX)  was  statistically 
analyzed  with  respect  to  discriminating  open  water, 
first-year  ice,  multiyear  ice  and  Odden.  Odden  is 
large  expanses  of  nilas  Ice  that  rapidly  form  in  the 
Greenland  Sea  and  transforms  into  pancake  ice.  A 
first  order  statistical  analysis  Indicated  that  mean 
versus  variance  can  segment  out  open  water  and  first- 
year  ice,  and  skewness  versus  modified  skewness  can 
segment  the  Odden  and  multiyear  catagories.  In 
addition  to  first  order  statistics  a  model  has  been 
generated  for  the  distribution  function  of  the  SAR  ice 
data.  Segmentation  of  ice  types  was  also  attempted 
using  textural  measurements.  In  this  case,  the 
general  co-occurrency  matrix  was  evaluated.  The 
textural  method  did  not  generate  better  results  than 
the  first  order  statistical  approach. 

1.  INTRODUCTION 

Active  microwave  measurements  were  made  of  various 
sea  ice  forms  in  March  and  April  1987  during  the 
Marginal  Ice  Zone  Experiment  (MIZEX).  The  microwave 
measurements  were  made  at  1,  5,  10,  18,  and  35  GHz 
using  a  ship-based  scatterometer  and  aircraft  mounted 
synthetic  aperture  radar  (SAR).  The  SAR  measurements 
were  made  at  9.8  GHz,  horizontal  transmit  and  receive 
polarization. 

The  sea  ice  forms  present  in  the  Greenland  Sea 
MIZEX  operations  area  included:  open  water;  open  water 
with  grease  ice  streamers;  new  ice  (5-8  cm  thick); 
first-year  ice  (20-40  cm  thick);  first-year  Ice  with 
rubble  (.60-1.5  m  thick);  and  multiyear  ice  (2-4  m 
thick).  Large  expanses  (200,000  km2)  of  new  nil  las 
sea  ice  (5  cm  thick)  forms  In  the  Greenland  Sea  as  a 
result  of  oceanographic  upwelllng  of  cold  water 
interacting  with  cold  «  -104c)  northerly  polar  winds. 
This  rapid  ice  formation  Is  referred  to  as  the  Odden 
and  is  discussed  in  Ref.  [1].  The  nilas  transitions 
into  pancake  floes  (10-15  cm  thick)  due  to  continued 
growth  and  wave  action. 

Tim  icdtleioiuettii  data  weie  used  lu  validate  Lite 
SAR  backscatter  values  obtained  at  10  GHz. 
Additionally,  the  scatterometer  data  extended  the  SAR 
sea  ice  type  classification  to  C-  and  L-band 
frequencies  in  order  to  predict  the  performance  of  the 
SAR  instruments  to  be  flown  on  the  European,  Canadian, 
and  Japanese  SAR  satellites. 

NASA  is  presently  building  a  satellite  receiving 
station  in  Fairbanks,  Alaska  that  will  collect  and 
process  in  near  real-time  SAR  data  from  these 
satellites  that  will  be  launched  in  the  next  5-7 


years.  The  SAR  facility  will  contain  a  geophysical 
processor,  a  dedicated  computer  that  will  utilize  the 
processed  SAR  data  to  provide  sea  ice  concentration, 
ice  type,  and  kinematics  information.  The  MIZEX  '87 
data  although  it  was  collected  at  X-band  (HH)  offers  a 
unique  opportunity  to  develop  and  evaluate  algorithms 
that  can  be  Implemented  on  the  geophysical  processor. 

As  reported  in  ref.  [2],  the  radar  backscatter 
response  between  X-band  (HH)  and  C-band  (VV)  is  very 
similar. 

This  SAR  analysis  Included  the  generation  of 
standard  statistics  (i.e.,  mean,  standard  deviation, 
variance,  skewness,  and  kurtosis),  within  areas  that 
were  intensively  "sea  truthed"  by  scientists  operating 
from  the  M/V  POLAR  CIRCLE.  In  addition  to  the 
standard  statistics  generated  from  the  SAR  data 
several  probability  distributions  were  evaluated  to 
describe  the  various  Ice  types  present  within  the  SAR 
scene.  These  distributions  Include:  uniform,  gamma, 
Gaussian,  1nvei„e  Guasslan,  lognormal,  and  modified 
Beta.  It  is  postulated  that  such  distributions  can  be 
used  to  further  differentiate  Ice  types  (particularly 
first-year  ice  with  rubble).  The  distributional 
analysis  has  suggested  that  the  SAR  sea  ice  data  are 
best  fitted  by  gamma  and  lognormal  (and  sometimes 
Inverse  Gaussian)  distributions  and  that  these 
distributions  may  prove  useful  in  differentiating  all 
ice  types  present  within  the  MIZEX  SAR  scenes. 

The  use  of  textural  methods  (i.e.,  higher  order 
statistics)  were  also  evaluated  with  respect  to 
differentiating  the  Ice  sea  forms  present  In  the  MIZEX 
SAR  data  set.  The  general  co-occurrence  matrix  was 
used  and  found  to  generate  very  similar  results  to  the 
mean  and  standard  deviation  analysis. 

In  this  paper,  we  will  first  describe  the  MIZEX  '87 
SAR  data  set  and  then  discuss  foui  cases  of  sea  Ice 
forms  that  were  selected  for  the  statistical  analysis. 
The  statistics  results  will  then  be  presented. 

2.  DATA  SETS 

MIZEX  '87  in  the  Greenland  and  Barents  Seas 
combined  observations  from  both  remote  sensing  and  in 
situ  data  collections  to  provide  an  Integrated 
approach  to  the  study  of  winter  marginal  Ice  zone 
(Miz)  conditions.  Favorable  weather  permitted  18 
consecutive  days  of  SAR  coverage  and  field  operations. 
The  SAR  system,  with  its  high  resolution  (15  x  15  m), 
clarity  of  image  and  real-time  availability,  proved  to 
be  a  powerful  and  efficient  tool  to  aid  in  the 
planning  and  carrying  out  of  field  experiments. 

MIZEX  was  the  first  international  experiment  having 
daily  SAR  coverage  with  real-time  Imagery  down-linked 
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to  the  ships  in  the  field.  This  imagery  was  used  on¬ 
board  POLAR  CIRCLE  to  identify  areas  of  Interest  such 
as  the  location  of  the  ice  edge,  eddies,  and  ocean 
fronts.  The  ship  would  then  proceed  to  the  SAR 
identified  areas  to  collect  sea  truth.  The  data  was 
also  used  to  select  sites  for  detailed  active  and 
passive  microwave  measuremt  its  and  characterization  of 
physical  and  electrical  properties  of  the  ice  and 
snow.  In  addition  to  being  down-linked,  the  SAR  data 
was  recorded  on-board  the  aircraft  on  high  density 
digital  tapes. 

During  MIZEX  '87,  two  Intera  SAR  equipped 
aircrafts;  STAR-1  and  STAR-2  were  deployed  to  collect 
ice  edge  Imagery.  These  missions  are  described  in 
refs.  [3-4].  The  Intera  STAR-1  and  STAR-2  systems  are 
X-band  (9.8  GHz)  radars  that  transmit  and  receive  with 
horizontal  polarization.  Table  1  summarizes  the 
parameters  of  both  systems  while  Figure  1  indicates 
the  Imaging  geometries.  Figure  2  is  a  representative 
mosaic  covering  a  445  x  195  km  area  of  the  MIZ.  On 
the  X-band  SAR  data,  bright  tones  on  the  image 
represent  multiyear  ice  while  the  darker  tones  are 
various  stages  on  young  ice.  The  blackest  signatures 
on  the  image  are  open  water.  The  SAR  mosaic  was 
interpreted  using  a  hybrid  manually  assisted  digital 
technique  to  provide  the  interpretation  key  shown  in 
Figure  3.  Note  that  the  ice  type  and  concentration 
information  is  obtainable  from  this  data  based  on 
tonal  signatures. 

TABLE  1.  STAR  SPECIFICATIONS  AS  USED  IN  MIZEX 


PROPER** 

S1AR-2 

S1AR-1 

Operating  Altitude 

Wave  length 
Polarization 

29.000  ft. 
X-band 

HH 

Viewing  Olrectlon 

left  or  Right 

Processing 

Real  Use 

Revordlrg 

8  bit  data,  full 
bandwidth  data 
recording  on 
parallel  HCOR 

4  bit  data,  either 

12  x  12a  or  24  x  24o 
pixels  on  serial 

HOUR 

Swath  width 
harrow  (HI -Res) 

Wide  (lo-Res) 

i;  k* 

63  km 

23  ka 

45  ka 

Pixel  size 

Along  track/ 
cross  track 

Along  t.ack/ 
cross  track 

Hl-Res 

4  x  4  a 

Hot  used 

Lo-Res 

5.2  x  16a 

12  x  12a  or  24  x  24* 

Downlink 

4  bits 

4  bits 

Aztnuth  looks 

7 

7 

lo-Res 

16  x  16«  or 

32  x  32a 

12  x  12a  or 

24  x  24a 

For  this  study, 

the  generic  ice  types  present 

within  the  test  site  were  divided  into  four 
catagories.  These  Included:  open  water;  first-year 
ice;  multiyear  ice;  and  the  areas  termed  Odden  (i.e., 
nilas  and  pancake).  These  four  ice  types  represent 
ice  thickness  Intervals  that  are  accepted  product 
outputs  of  the  Alaska  geophysical  processor. 


Figure  1.  Viewing  Geometry  for  STAR-1  and  -2 
in  Wide  Swath  Mode 


Fifty-four  areas  from  twelve  SAR  flights  during  the 
31  March  to  8  April  1987  time  period  were  used  In  the 
statistical  analysis.  Each  area  was  approximately  100 
x  100  pixels  which  corresponds  to  a  ground  area  of 
approximately  700  x  700  meters.  The  areas  selected 
Included  Incident  angles  of  30'  to  70*.  Typical  open 
water  (w),  first-year  ice  (f),  multiyear  Ice  (m),  and 
Odden  (O)  areas  used  in  the  study  are  shown  on  Figure 
2. 


SAR  Imagery 
4  April  1987 
1800-2145  UT 


Ice  Concentration 
and  Floe  Size  Interpretation 


Figure  2. 


Figure  3. 


□  50%  Multi-Year  Fragments.  (1.5  ■  3.5  m 
Thick).  50-250  m  in  Diameter  in  a  First 
Year  Ice  Framework.  {<  t  m  Thick)  20-45% 
Total  loe  Concentration 


50-60%  Multi- Year  Floes,  (t  .5  •  4  m  Thick) 
50-250  m  in  Diameter  Surrounded  by  First 
Year  Ice,  (<  1  m  Thick)  70-90%  Total  Ice 
Concentration.  Some  Open  Water  Leads 
Exist 


9  40-50%  Multi- Year  Floes.  1-30  km  in 
Oiamoter  Surrounded  by  First- Year  Floes. 
(<  1  m  Thick)  95%  Total  Ice  Concentration, 
Some  Open  Water  Leads  Exist 


Ice  Free  Ocean  and  Polynyas 


Ilfijil  New  Nilias  Ice.  3-15  cm  Thick  Transitioning 
Ill  10  P0ncalte  P|O0S-  '0-100  cm  in  Diameter 
lUiil  75-90%  Total  Ice  Concentration 


Large  Individual  Floes 


3.  DISCRIMINATION  USING  FIRST-ORDER  STATISTICS 
The  ability  of  first-order  statistics  (i.e., 
statistics  based  on  Individual  pixel  values,  not 
spatial  correlations)  to  segment  the  SAR  Images  into 
their  appropriate  four  classes;  open  water,  first-year 
ice,  multiyear  ice  and  Odden  was  analyzed.  Since  the 
results  of  an  initial  distributional  fitting  analysis 
[Ref.  2]  indicated  that  two  parameter  functions  did  a 
good  job  of  fitting  the  data,  segmenting  the  data  with 
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pairs  of  statistics  was  tried.  The  two  best  pairs  are 
shown  in  Figures  4  and  5.  Figure  4  shows  mean  versus 
standard  deviation  (all  of  these  statistics  are 
intensity  values).  Note  that  although  Odden  ice  and 
multiyear  ice  are  very  mixed,  the  other  two  classes 
segment  out  rather  nicely;  almost  linearly  along  the 
curve  we  have  open  water,  then  first-year  ice,  then 
the  combination  of  multiyear  ice  and  Odden  Ice. 
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Figure  4.  Segmentation  Using  Modified  Skewness  and 
Skewness 
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Figure  5.  Standard  Deviation  vs  Mean  Segmentation 
of  Intensity  Ice  Data 

The  Odden  is  representative  of  new  first-year  Ice 
that  has  undergone  extensive  deformation  due  to  wave 
action.  The  nilas  ice  that  transitions  into  pancake 
floes  have  very  rough  edges  (see  Figures  Z  and  4  In 
ref  [1]).  These  rough  edges  reflect  radar  energy  and 
as  such  the  scattering  coefficient  for  pancake  ice  is 
large  [Ref.  2].  Thus,  It  is  not  surprising  that 
multiyear  and  Odden  ice  types  overlap  on  the  mean 
versus  standard  deviation  curve. 

Figure  5  shows  skewness  versus  modified  skewness. 
Note  that  this  also  does  a  nice  job  of  segmenting, 
although  the  distinction  of  first-year  Ice  from  Odden 
ice  is  somewhat  less  sharp  then  on  Figure  4.  However, 
multiyear  ice  and  Odden  ice  are  much  better  separated 


then  on  .  ,r 
curve,  we 
and  multiye.. 

In  conclus 
can  segment  ou 


Again,  almost  linearly  along  the 
i  water,  first-year  ice,  Odden  ice 


appears  that  mean  versus  variance 
,  water  and  first-year  ice,  then 
skewness  versus  i.i„uified  skewness  can  segment  out 
Odden  Ice  and  multiyear  Ice.  In  general,  first-order 
statistics  appear  to  do  a  good  job. 

Currently  under  progress  is  an  attempt  to  optimize 
the  combination  of  first  order  statistics  for 
segmentation.  Eigenvector  analysis  Is  being  performed 
on  the  covariance  matrices  for  each  ice  class  to 
determine  which  linear  combination  of  parameters 
generates  the  most  variation  within  the  class  and  the 
least  variation  within  the  class.  In  addition,  the 
same  analysis  is  being  performed  on  the  entire  set  of 
SAR  Images.  Optimal  open  water  (for  example) 
classification  can  then  be  performed  by  finding  the 
linear  combination  that  minimizes  the  variation  within 
the  class  but  maximizes  the  variation  between  classes. 


4.  DISTRIBUTION  FUNCTION  ANALYSIS 

An  attempt  has  been  made  to  generate  a  model  for 
the  distribution  function  of  the  SAR  ice  data  that 
would  fit  all  of  the  MIZEX  '87  Images.  If  this  Is 
possible,  then  the  parameters  of  the  distribution 
function  would  suffice  to  characterize  the  image,  and 
we  could  segment  the  Images  based  on  their  parameters 
alone.  Unfortunately,  we  have  found  no  model  that 
passes  the  statistical  tests  for  all  of  the  Images; 
this  search  is  still  in  progress.  We  have  tested  a 
number  of  simple  analytical  forms  but  the  results 
Indicate  that  the  actual  distribution  function  Is  more 
complicated  than  this.  Currently,  work  is  being 
performed  on  a  model  that  deals  more  with  the  physical 
scattering  phenomena  [Ref.  5]  and  the  results  look 
encouraging.  Unfortunately,  with  complexity  comes 
computational  cost  so  no  definite  results  for  the  ice 
data  are  available  yet. 

For  the  analytical  forms,  we  tested  uniform,  gamma, 
Inverse  gausslan,  gaussian,  lognormal  and  modified 
beta.  Figure  6  shows  the  Kolmogorov  statistic  (a 
statistical  measure  of  how  different  the  analytical 
distribution  function  Is  from  the  actual  SAR  image 
distribution  function)  for  the  ice  data  set  for  all 
the  types.  Lognormal,  inverse  gausslan  and  modified 
beta  all  produce  similar  results  with  a  preference  to 
the  modified  beta.  It  should  be  noted  that  the 
modified  beta  is  the  only  model  that  allows  the 
distribution  function  to  be  fit  to  higher  order 
moments  (i.e.,  width  and  skewness)  while  the  other 
models  fit  only  the  mean  and  variance.  This  appears 
to  support  the  results  in  section  3  where  these  higher 
order  moments  are  necessary  to  separate  Odden  ice  from 
multiyear  ice,  and  in  addition  did  a  fair  job  of 
segmenting  the  other  types. 

Although  these  three  models  do  a  good  job  of 
fitting  to  the  data,  they  do  not  pass  the  statistical 
tests  (i.e.  It  can  not  be  said  with  statistical 
certainty  that  they  are  a  good  fit,  we  can  only  say 
that  the  fit  looks  good  to  the  eye).  Figure  7  shows 
the  same  Kolmogorov  statistic  but  subtracted  by  the 
threshold  that  it  has  to  be  less  than  In  order  to  pass 
the  test.  Thus  values  less  than  zero  on  Figure  7  mean 
it  passed  and  values  greater  than  zero  indicate 
failure.  Note  the  very  large  amount  of  failures; 
although  there  are  a  few  passes.  In  addition,  it 
appears  that  the  modified  beta  advantage  goes  away  for 
this  plot;  a  result  that  is  not  explainable  at  the 
present  time. 

It  is  interesting  to  note  how  the  amount  of  passes 
and  failures  change  with  ice  type.  Figure  8-11  shows 
the  same  numbers  as  Figure  7,  but  separated  according 
to  ice  type.  Note  that  open  water  fails  miserably;  an 
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interesting  result  which  indicates  <nat  the  scattering 
going  on  is  not  simple.  Flrst-y.'ar  ice  and  multiyear 
ice  do  about  the  same;  much  more  successful  (for  the 
three  candidate  models)  then  open  water.  This  seems 
to  indicate  that  scattering  from  these  types  Is  more 
"traditional".  Finally,  Odden  does  the  best  of  all; 
the  points  are  very  clustered  at  zero.  Perhaps  this 
is  the  most  "traditional"?  Also  note  that  the  most 
successes  appears  to  be  for  multiyear  Ice  with  first- 
year  ice  next. 
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Figure  7.  Ice  Measurements  Kolomgorov  Statistics 
Subtracted  by  the  Threshold  Value 

All  of  the  above  distribution  models  had  their 
parameters  generated  from  the  data  statistics.  We 
also  investigated  generating  optimal  parameters  by 
Iteratively  finding  the  ones  that  minimized  a  mean 
square  error  metric  between  the  model  and  the  data. 
Figure  12  shows  the  result  for  optimizing  the 
parameters  of  a  gamma  model,  then  generating  a  cluster 
plot  of  the  equivalent  mean  and  standard  deviations 
from  these  optimal  parameters.  Comparing  to  Figure  4, 
we  get  much  better  segmentation  this  way  then  simply 
taking  the  data  statistics;  although  Odden  and 
multiyear  are  still  mixed.  We  are  currently  trying 
this  for  other  models,  specifically  the  modified  beta 
and  the  more  complicated  model  mentioned  above. 
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Figure  8.  Ice  Measurements  Kolmogorov  Statistics 
(Open  Water) 
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Figure  10.  Ice  Measurements  Kolmogorov  Statistics 
(Multiyear  Ice) 
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Figure  11.  Ice  Measurements  Kolmogorov  Statistics 
(Odden  Ice) 
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Figure  12.  Standard  Deviation  vs  Mean  Segmentation 
From  Simple  Gamma  Model 
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Figure  13.  Segmentation  Using  Texture  Measures 


5.  SEGMENTATION  USING  TEXTURE  MEASURES 
Segmentation  of  the  four  ice  types  was  also 

evaluated  using  textural  methods.  We  used  the  most 
favorite  texture  measure  among  image  processors;  the 
general  co-occurency  matrix  (GCM).  In  general,  the 
GCM  measure  the  spatial  correlation  structure  of  the 
data  and  generates  estimates  of  the  direction  of 
correlation,  the  strength  of  correlation,  etc.  We 
again  generated  cluster  plots  of  pairs  of  various 
measures;  the  best  pair  is  shown  in  Figure  13.  The 
results  appear  very  similar  to  the  mean  and  standard 
deviation  plots;  open  water  and  first-year  are  well 
segmented  from  the  rest,  but  Odden  and  multiyear  are 
mixed.  We  are  currently  applying  the  eigenvector 
analysis  to  this  data  also  to  generate  optimal 
combinations;  however  we  do  not  anticipate  any  better 
results  than  the  first  order  statistics  have  given. 

6.  SUMMARY 

The  MIZEX  '87  X-band  SAR  data  was  divided  into  four 
sea  ice  classes  (open  water,  first-year,  multiyear, 
and  Odden)  to  evaluate  first-order  statistics,  higher 
order  statistics  (texture),  and  distribution  analysis 
to  segment  the  SAR  image  Into  the  required  classes. 

The  first  order  statistical  analys1s’(1.e.,  statistics 
based  on  individual  pixel  values,  not  statistical 
correlations)  Indicated  that  mean  versus  variance  can 
segment  out  open  water  and  first-year  ice,  and 
skewness  versus  modified  skewness  can  segment  out 
Odden  and  multiyear  Ice.  The  use  of  texture 
techniques,  in  this  case  the  use  of  the  general  co- 
occurency  matrix,  did  not  yield  results  superior  to 
the  first  older  statistical  analysis.  In  general,  the 
first  older  statistics  appear  to  do  a  good  Job  and 
considering  computation  efficiency  Is  the  recommended 
algorithm  approach  for  the  Alaska  geophysical 
processor. 

The  search  for  a  distribution  function  of  the  SAR 
ice  data  that  will  fit  the  majority  of  MIZEX  '87 
Imagery  is  continuing.  The  distribution  analysis 
suggests  the  data  are  best  fitted  by  gamma  and 
lognormal  (and  sometimes  inverse  Gaussian) 
distributions. 
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ABSTRACT 


2.  THEORY 


In  this  paper  we  report  on  a  study  of  the  azimuth 
dependence  of  ice  ridges  in  SAR  imager  /.  The 
ridge  line  is  divided  into  two  classes,  one 
consisting  of  ridges  with  a  triangular  geometry 
and  one  consisting  of  rubble.  It  is  shown  that 
ridges  show  a  strong  azimuth  dependence 
whereas  rubble  do  not.  The  contrast  between 
ridges  viewed  broad-side  and  end-on  was 
determined  to  2.5  dB  at  an  incidence  angle  of 
68°.  However,  the  variation  is  expected  to  be 
large  and  changes  with  resolution,  ridge 
properties  and  incidence  angle  are  discussed. 
Furthermore  a  ridge  detectability  index  is  defined 
and  from  this  It  is  concluded  that  ridges  viewed 
end-on  will  hardly  be  detectable  in  a  first-year  sea 
ice  background. 

Keywords:  ice  ridges,  SAR,  azimuth  angle, 
detection. 


1.  INTRODUCTION 

The  Baltic  Sea,  located  between  Sweden  and 
Finland,  is  partly  ice  covered  most  of  the  time  in 
the  winter  season  and  a  costly  ice  breaker  service 
Is  required  to  break  the  ice  and  penetrate  ridges. 
In  order  to  assist  and  guide  the  ice  breakers 
monitoring  of  the  ice  and  ridges  is  very  important 
and  one  of  the  most  promising  tools  in  this 
respect  is  the  synthetic  aperture  radar  (SAR). 
However,  few  attempts  have  been  made  to  actually 
study  ridge  signatures  and  to  quantify  the 
detectability  of  ridges  from  SAR  imagery. 

One  of  the  main  objectives  of  the  Bothnian 
Experiment  in  Preparation  for  ERS-1,  BEPERS- 
88,  was  to  study  fee  ridge  detection  for  different 
radar  parameters  and  ridge  properties  but  also  to 
confirm  or  reject  model  calculations.  In  this 
paper  we  pay  special  attention  to  the  azimuth 
dependence  of  Ice  ridges  which  has  been 
predicted  to  be  strong  by  Askne  and  Johansson 
(1988).  A  general  discussion  of  ridge  detection 
and  modelling  is  also  given  and  a  detectability 
Index  defined. 


The  detectability  of  sea-ice  ridges  is  dependent 
upon  the  contrast  between  the  ridge  and  its 
background  as  well  as  the  radar  resolution.  For  a 
multi-look  amplitude  image  we  define  the 
detectability  as: _ 

detectability==  — r —  ( i ) 

DNb+2crSb 


where  DN?  is  the  mean  squared  ridge  DN  (Digital 

Number)  value,  DN?  the  background  mean  squared 

DN  value  and  osb  the  standard  deviation  of  DN?. 
Furthermore,  for  a  homogeneous  background 

asb/DNb=k  is  a  constant  depending  upon  the 
number  of  looks  (resolution)  and  decreases  with 
increasing  number  of  looks  (or  lower  resolution). 
By  chosing  the  background  value  plus  two 
standard  deviation  we  ensure  to  be  above  95%  of 
the  speckle  variation.  The  radar  contrast  is 

defined  as  R=DN?/DN?  and  rewriting  Eq.  1  gives: 


detectability=J^j- 


(2) 


We  note  that  the  backscatter  coefficient  is 
directly  proportional  to  the  mean  squared  DN 
value  minus  noise  so  that  the  radar  contrast  can 
be  expressed  in  terms  of  the  ridge  and 
background  backscatter  coefficients:  R=  o°r/o°b- 
The  detection  index  will  vary  with  the  resolution 
and  the  ridge  and  background  backscatter 
coefficients  which  will  be  discussed  in  the  next 
sections. 


2.1  Resolution 


The  resolution  effects  the  detectability  in  two 
ways.  Firstly,  a  decrease  in  resolution,  which  is 
the  same  as  increasing  the  resolution  cell  area 
from  Aj-idgg  to  A,  averages  the  ridge  backscatter 
coefficient  according  to 


o 

^ridgc.low- ^ 


ridge, high" 


bridge 


(3) 
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The  radar  contrast  then  becomes: 

Riowks.-R/n+U-Vn)  (4) 

where  It  is  assumed  that  the  ridge  pass  across  the 
resolution  cell  and  that  N=A/Ar[^ge.  The  contrast 

decreases  with  N  and  k  with  VN.  Hence, 
according  to  Eq.2,  the  detectability  is  reduced. 

Secondly,  ridges  closer  than  a  resolution  cell  will 
be  merged  which  means  that  a  high  resolution  is 
lequired  to  detect  ridges  unambiguously. 
However,  sucn  a  high  resolution  is  often  limited 
due  to  practical  considerations  such  as  telemetry 
rate,  data  storage  and  speckle  reduction. 

2.2  Level  ice  backscatter 

The  backscatter  coefficient  for  level  sea-ice  has 
been  modeled  by  several  authors  (Ulaby  et  al 
1982)  and  show  good  agreement  with 
measurements.  For  off-nadir  angles  the 
backscatter  coefficient  is  purely  non-coherent 
and  only  considering  surface  scattering,  which 
seems  reasonable  for  the  conditions  met  during 
BEPERS-88,  it  is  a  function  of  frequency, 
polarization,  angle  of  incidence  and  the  small 
scale  roughness  of  the  surface.  Solutions  such  as 
the  small-perturbation  and  the  Klrchhoff  theory 
gives  explicit  expressions  and  shows  that  the 
backscatter  curve  decays  with  Incidence  angle 
and  is  very  sensitive  to  the  surface  roughness. 
Experimental  data  over  thin  first-year  ice  from 
BEPERS-88  (Ulander  1989)  show  a  decrease  of 
0.25dB/°  between  20°  and  60°  and  0.5  dB/° 
between  60°  and  70°.  As  long  as  the  small  scale 
roughness  of  the  surface  is  isotropic  the 
scattering  will  also  be  isotropic  and  there  should 
be  no  difference  in  viewing  the  level  ice  from  one 
or  the  other  azimuth  angle. 

2.3  Ridge  backscatter 

The  backscatter  coefficient  for  ice  ridges  is  far 
more  complicated  to  model  and  has  been  payed 
little  attention  during  the  past  years.  However, 
Johansson  and  Askne  (1987)  made  an  attempt  to 
model  ridges  viewed  broad-side  by  assuming  a 
triangular  shape  of  the  ridge  see  figure  1. 


Figure  1.  Ridge  geometry. 


The  model  includes  two  scattering  components, 
one  diffuse  from  distributed  ice  blocks  within  the 
ridge  and  one  coherent  from  specularily  oriented 
blocks  which  also  includes  the  contribution  of 
blocks  oriented  as  corner  reflectors.  The  model 
predicts  an  increase  in  the  backscatter  coefficient 
from  the  frontside  and  a  decrease  from  the 
backside  and  slower  decay  with  incidence  angle 
than  the  level  ice.  Because  of  the  geometry  there 
is  a  strong  azimuth  dependence  and  ridges 
viewed  broad-side  should  have  a  higher 
backscatter  coefficient  than  those  viewed  end-on. 
This  means  that  the  detectability  will  increase  for 
an  increasing  angle  of  incidence  and  for  ridges 
viewed  broad-side. 

The  triangular  geometry  also  leads  to  the 
definition  of  the  apparent  width  see  figure  1. 
Ridges  viewed  broad-side  should  appear,  not  only 
brighter,  but  also  narrower  than  ridges  viewed 
end-on.  However,  to  study  this  effect  requires 
that  the  resolution  cell  is  smaller  than  the 
apparent  width  which  was  not  the  case  during 
BEPERS-88. 

From  inspection  of  aerial  photography  it  was 
concluded  that  along  a  ridge  line  ice  blocks 
simply  distributed  on  the  ice  appeared  in  places. 
Hence,  two  classes  were  defined,  the  one 
considered  above  with  a  triangular  geometry  and  a 
second  one  being  the  ice  blocks  distributed  on 
the  ice  which  we  call  rubble.  In  principle  rubble 
could  be  modeled  as  above  with  zero  height  but 
with  a  different  and  probably  more  isotropic 
distribution  function  of  the  ice  blocks.  This  leads 
to  the  conclusion  that  there  should  be  no  azimuth 
dependence  of  the  rubble  part  and  the  concept  of 
apparent  width  has  no  meaning. 

3.  EXPERIMENT  SETUP 

The  SAR  Imagery  were  acquired  by  the  CCRS  CV- 
580  system  and  several  tracks  were  flown  with 
different  frequencies  and  polarizations.  To  study 
the  effect  of  azimuth  angle  crossing  tracks  were 
flown  covering  the  same  area.  Two  images 
obtained  from  crossing  tracks  have  been  chosen 
in  this  study  and  are  shown  in  Figure  2.  The 
imagery  were  acquired  at  C-band  with  W 
polarization  and  at  a  nominal  slant  range 
resolution  of  6mx6m.  However,  we  have  observed 
that  the  resolution  in  azimuth  rather  is  15m.  The 
imagery  shown  in  Figure  2  have  been  averaged  to 
a  resolution  of  40*40  m  and  covers  the  incidence 
angle  range  10°  to  74°  degrees.  In  the  figure  the 
line  of  same  incidence  angle  from  the  two 
azimuth  angles  has  been  marked  and  goes  across 
each  image. 

At  the  same  time  as  the  radar  overflight  aerial 
photography  were  takc>'  at  a  height  of  2000  m 
and  at  a  scale  of  1:13000.  The  area  covered  is  also 
indicated  in  Figure  2.  Unfortunately,  this  area 
does  not  perfectly  match  the  constant  incidence 
angle  line  and  falls  rather  on  one  side  of  it. 
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4.  ANALYSIS  AND  METHODOLOGY 

From  Figure  2  two  full  resolution  images  have 
been  chosen  as  examples  and  Illustrations  of  the 
azimuth  angle  dependence  and  are  shown  In 
Figures  3  and  4.  In  Figure  3  the  ridge  in  the 
middle  of  the  picture  is  viewed  at  the  same  angle 
of  incidence  from  the  two  azimuth  angles  and  the 
azimuth  angle  effect  is  indeed  strong.  In  Figure  4 
the  incidence  angle  is  approximately  8°  larger  in 
the  left  image  than  in  the  right  one  and  the  effect 
is  again  evident.  The  large  ridge  seen  in  the 
picture  is  a  good  example  of  a  ridge  line 
consisting  of  the  two  previously  defined  classes 
which  appear  interchangeable. 

To  quantify  the  azimuth  angle  dependence  it  is 
necessary  to  keep  fairly  close  to  the  crossing  line 
in  Figure  2  to  eliminate  the  effect  of  Incidence 
angle  variations.  Because  of  this  and  tne  fact  that 
we  only  have  two  azimuth  angles  for  each  ridge 
several  problems  arises  in  the  analysis.  Firstly,  to 
keep  the  contrast  between  the  two  directions 
independent  of  ridge  properties  we  have  to  deal 
with  similar  ridges  in  some  way.  In  this  paper 
ridges  with  approximately  the  same  height  and 
width  are  considered  to  be  similar  Secondly,  the 
ridge  may  be  invisible  from  one  direction  or 
hidden  in  the  background  clutter  and  thus 
impossible  to  find.  Therefore  the  analysis  will  only 
consider  ridges  seen  from  both  directions. 
Thirdly,  because  of  the  limited  area  it  is 
impossible  to  find  enough  similar  ridges  to  do  a 
rigorous  analysis. 

To  determine  the  ridge,  rubble  and  level  Ice 
backscatter  coefficients,  DN  values  from  the 
imagery  have  been  picked  manually  to  get  the 
statistics.  The  statistics  of  the  level  ice  was  easily 
determined  whereas  it  was  more  complicated  to 
obtain  it  for  ridges  and  rubble.  A  border  had  to  be 
defined  within  which  the  DN  values  should  be 
picked  and  we  chose  the  mean  background  level 
plus  two  standard  deviations. 

Once  the  statistics  have  been  determined  an 
calibration  was  performed  and  the  level,  ridge 
and  rubble  backscatter  coefficients  obtained  The 
accuracy  of  the  relative  calibration  is  estimated  to 
be  ±0.6  dB  at  constant  incidence  angle  and  ±2  dB 
otherwise  (Ulander  1989). 

5.  RESULTS 

In  Table  1  the  azimuth  angle  dependence  for 
ridges,  rubble  and  thin  first-year  ice  are 
summarized  at  an  incidence  angle  of  68°.  The 
result  Is  presented  as  the  magnitude  of  the 
contrast  for  the  two  azimuth  angles  0°  and  90° 
respectively.  These  were  the  only  azimuth  angles 
where  ridges  could  be  Identified  simultaneously. 
The  detectability  Index  for  the  two  directions  are 
also  given. 


Table  1  Contrast  between  azimuth  angles  0°  and 
90°  and  the  detectability  index 

1  Rgo°-0° 1 

o 

CD 

O 

o 

Do° 

ridge 

2.5  dB 

1.4 

0.8 

rubble 

0.6  dB 

1.1 

1.3 

level 

1.3  dB 

It  is  evident  from  the  table  that  there  exist  a 
pretty  strong  azimuth  angle  dependence  for 
ridges  but  not  for  rubble.  The  azimuth  angle 
dependence  of  the  background  may  be  due  to 
locally  anisotropic  effects  in  the  small  scale 
surface  roughness  and/or  calibration 
uncertainties.  We  should  keep  in  mind  that  the 
ridge  contrast  value  is  dependent  on  the 
resolution  and  angle  of  incidence  and  is 
anticipated  to  increase  for  higher  resolution  or 
larger  angle  of  incidence.  Note  also  that  the 
presented  values  are  mean  values  and  that  along  a 
ridge  line  the  variability  may  be  large. 

The  detectability  Index  is  above  1  for  all  cases  but 
the  ridges  viewed  end  on.  Even  though  the  index 
for  rubble  is  smaller  than  for  ridges  viewed  broad¬ 
side.  rubble  is  more  easily  detected  because  of  its 
larger  width. 

In  Table  2  the  result  of  ridges  viewed  from  the 
two  azimuth  angles  but  with  differing  angle  of 
incidence  are  shown.  The  ridges  viewed  broad¬ 
side  had  an  incidence  angle  of  67°  and  those 
viewed  end  on  74.5°. 


Table  1  contrast  between  azimuth  angles  0°  and 
90°  with  a  difference  in  incidence  angle  of  appr. 
8° 

R90°-0° 

D900 

Do0 

ridge 

5.6  dB 

1.5 

1.1 

rubble 

1.5  dB 

1.5 

1.9 

level 

4.3  dB 

The  contrast  is  much  larger  than  for  the  previous 
case  where  the  incidence  angle  were  kept 
constant.  The  increase  in  the  azimuth  angle 
dependence  may  be  caused  by  the  increase  in 
incidence  angle  but  may  also  be  due  to  the  fact 
that  we  are  not  looking  at  the  same  ridges  as 
before.  We  observe  that  the  difference  of  4.3  dB 
for  the  level  ice  between  67°  and  74°  gives  0.6 
dB/°  which  agrees  pretty  well  with  the  value  given 
In  section  2  of  0.5  dB/°,  The  rubble  does  not  show 
any  significant  azimuth  angle  dependence 
especially  remembering  the  inaccuracy  of  ±2dB  in 
the  calibration  procedure. 

The  detection  index  show  as  before  that  ridges 
viewed  broad-side  are  much  easier  to  detect  but 
also  that  the  detectability  Increases  with  angle  of 
incidence.  The  rubble  does  as  well  show  an 
increase  in  dertctabllity  and  assuming  no  azimuth 
angle  dependence  it  can  be  explained  by  a  larger 
decrease  of  the  background  backscatter  than  the 
rubble  backscatter  with  Incidence  angle. 


6.  CONCLUSIONS 
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We  have  shown  that  there  exist  an  azimuth  angle 
dependence  of  Ice  ridges  in  SAR  imagery.  As  an 
example  the  contrast  between  ridges  viewed 
broad-side  and  end-on  was  2.5  dB  at  an  angle  of 
incidence  of  68°.  However,  this  value  may  change 
significantly  as  resolution,  ridge  properties  and 
incidence  angle  varies.  By  defining  a  detectability 
index  it  is  shown  that  ridges  viewed  end-on  will 
hardly  be  detectable  in  a  thin  first-year 
background  at  least  for  large  angles  of  Incidence. 
It  is  also  concluded  that  the  rubble  does  not  show 
any  significant  azimuth  angle  dependence  and 
that  the  detectability  Increases  with  incidence 
angle. 
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Figure  3  and  4.  Subimages  illustrating  the  azimuth  angle  dependence  of  ice  ridges. 
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LIMEX'87  ICE  SURFACE  CHARACTERISTICS  AND  THEIR  EFFECT 
UPON  C-BAND  SAR  SIGNATURES 
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ABSTRACT 

Icc  surface  characterization  data  were  recorded  during  March  1987  in 
the  Labrador  Sea  marginal  ice  zone,  at  the  onset  of  spring  melt. 
Measured  data  arc  used  as  input  parameters  in  a  simple  scattering 
model  to  simulate  the  effects  of  temporal  variations  in  material 
properties  upon  C-band  scattering  signatures.  Snow  moisture  and 
surface  roughness  have  a  significant  effect  upon  o°hh  and  large 
differences  ate  predicted  between  undeformed  floe  surfaces  and 
deformed  or  rubbled  ice  areas.  The  model  reproduces  a  calibrated 
SAR-derivcd  signature  obtained  during  the  experiment  with  a 
reasonable  degree  of  certainty.  Predictions  also  simulate  a  trend 
observed  in  SAR  images  of  increasing  backscattcr  contrast  between 
deformed  and  undeformed  icc  over  period  of  surface  warming. 

Keywords:  LIMEX,  'early  melt',  dielectric,  autocorrelation 
function,  physical  optics  model,  backscattcr  signature,  radar  contrast. 

1.  INTRODUCTION 

The  'early  melt'  season  marks  the  transition  from  winter  conditions  to 
warmer  spring  conditions,  and  the  onset  of  melt  is  characterized  by 
significant  free  water  in  floe  surface  snow.  Backscatter  signatures  are 
as  a  result  dominated  by  liquid  water  in  this  surface  layer.  In  March 
1987,  during  the  pilot  Labrador  Ice  Margin  Experiment  (LIMEX'87) 
(1,2],  ice  floe  surface  snow  and  sea  ice  were  sampled  at  various 
locations  as  ground  support  data  for  several  C-band  synthetic  aperture 
radar  (SAR)  overflights.  These  flights  were  conducted  by  the  Canada 
Centre  for  Remote  Sensing  (CCRS)  Convair  580  over  the  experiment 
area  off  the  cast  Newfoundland  coast.  Measurements  of  snow  and  ice 
properties  enabled  temporal  records  of  surface  roughness,  salinity, 
wetness,  depth  and  density,  and  photographs  of  microscopic  snow 
structure  to  be  obtained  during  the  onset  of  melt. 

Other  than  during  the  Marginal  Ice  Zone  Experiment  (3],  few  C-band 
SAR  data  have  been  acquired  in  the  marginal  ice  zone  during  spring 
melt.  Experience  gained  from  other  experiments  has  been  utilised  to  a 
degree  in  development  of  models  to  simulate  microwave  signatures  of 
combined  media  [4,5,6].  Sea  ice  and  5.3  GHz  SAR  data  provided  an 
opportunity  to  apply  simple  theoretical  models  to  marginal  ice 
examined  in  the  Grand  Banks  region  of  the  Labrador  Sea  under 
warming  conditions.  Models  are  driven  using  physical  properties 
measured  in  situ  and  arc  used  to  explain  the  range  of  scattering 
signatures  of  targets  observed  in  the  C-band  radar  images. 

2.  SURFACE  MEASUREMENTS 

Icc  conditions  off  the  east  coast  of  Newfoundland  were  monitored 
throughout  LIMEX'87,  between  15  and  26  March  1987  [1,2]. 
Detailed  periodic  measurements  were  made,  often  concurrently  with 
remote  sensing  overflights,  in  order  to  characterize  surface  conditions 
and  identify  changes  in  material  properties.  Geographic  locations  of 
experiment  surface  sites  are  detailed  in  Fig.  1,  along  with  the  position 
of  the  ice  edge. 


|icE  EDGE  I 

- I8III  MARCH  ®SU»rACE 

. 22NO  MARCH  EXPERlMnil 

- 2SIIIMAHCH  SIICS  (DA1E.MONIII) 

- 29IH  MARCH 


Figure  1.  LIMEX  '87  surface  experiment  sues  and  extern  of  the  marginal  ice  zone. 
The  dotted  rectangle  delineates  the  area  within  which  coincident  aircraft  SAR 
coverage  was  obtained  in  the  CSS  Baffin  locality. 

Parameters  recorded  in  the  field  by  the  surface  data  team  included 
snow  and  ice  depths  and  salinity  profiles,  and  snow  density,  wetness, 
and  temperature.  Surface  roughness  was  recorded  with  the  aid  of  a 
profiling  instrument,  along  with  macro-photographs  of  snow  grain 
morphology  (xlO  magnification).  Local  meteorological  conditions 
were  monitored  at  St.  John's,  and  by  an  automated  weather  station 
located  on  the  vessel  CSS  Baffin.  Melting  conditions  are  induced  by 
warm  moist  south-easterly  winds  while  sub-zero  refreezing  conditions 
occur  during  bouts  of  predominantly  north-easterlies. 

Fig.  2  summarises  ice  surface  conditions  measured  on  several  days, 
and  documents  changes  occurring  over  the  experiment  period  between 
16  and  26  March.  Surface  snow  decreased  rapidly  in  depth,  and  snow 
crystal  macro-photographs  illustrate  that  the  collective  processes  of 
destructive  metamorphism  changed  precipitated  snow  into  a  variety  of 
stages  of  firn.  The  processes  of  equi-temperature  and  melt-freeze 
metamorphism  caused  crystals  to  become  rounded,  forming  clusters 
of  touching  spheres.  A  continuum  of  states  was  observed,  between 
the  beginning  of  snow  metamorphosis  and  the  formation  of  higher 
density  polycrystallinc  ice.  By  26  March,  the  top  few  centimetres  of 
the  surface  had  become  a  continuous  layer  of  dense  firn  (or  snow  ice). 
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Figure  2.  Typical  ice  surface  conditions  during  the  LIMEX  '87  experiment  period, 
in  terms  of  the  snow  structure,  crystal  morphology,  density  and  wetness. 

3.  ICE  SURFACE  MELT  AND  DESALINATION 

Surface  characterisation  data  indicate  that  tnelt-freeze  cycles  and  melt 
drainage  reduced  the  firn  to  near  zero  depth  in  most  locations.  Ice 
cores  extracted  in  several  locations  on  23  and  26  March  indicate  that 
significant  desalination  had  occurred  in  the  upper  ice  layer  (0-30cm) 
probably  due  to  brine  drainage  channel  development  and  flushing  by 
snow  melt  water.  Upper  10cm  salinities  varied  from  0  -  2.0%o.  On  26 
March,  a  strong  salinity  gradient  was  observed  between  25  and  35cm, 
and  a  maximum  salinity  of  8 %o  was  measured  at  35cm  depth  in  one 
core.  Below  35cm  the  mean  salinity  remains  reasonably  constant  in 
both  profiles,  remaining  between  3  and  5%o  down  to  1 15cm. 

Flushing  occurs  under  gravity  drainage  as  the  pressure  head  of  surface 
meltwater  overcomes  capillary  retention  of  brine  in  pockets  within  the 
ice.  Providing  the  ice  is  permeable,  meltwater  is  able  to  drain 
downwards.  Mean  ice  thicknesses  in  the  core  localities  were  2.7  and 
1.6m,  on  23  and  26  March  respectively,  indicating  that  rafting  was  of 
particular  importance  in  augmenting  ice  thickness  and  initiating 
desalination  by  uplifting  and  increasing  the  freeboard  of  the  ice  and  the 
resulting  pressure  head.  This  factor  explains  lower  bulk  salinities 
observed  on  23  March. 

4.  SURFACE  DIELECTRIC  PROPERTIES 
4.1  Wet  snow 

Wet  snow  permittivity  (e‘)  and  dielectric  loss  (e")  are  frequency 
dependent,  showing  large  increases  with  liquid  water  content  in  the 
GHz  range.  At  microwave  frequencies  close  to  the  relaxation 
frequency  of  water,  such  as  5.3  GHz,  e'  and  e"  become  almost 
independent  of  the  snow  structure,  and  water  dominates  the  behaviour 
of  the  complex  dielectric  constant  e*  (where  e*=  e'-je"). 


Figure  3.  The  dielectric  properties  of  wet  snow  at  a  frequency  of  5.3  Gils.  The 
permittivity  and  dielectric  loss  are  plotted  for  varying  snow  water  content  and 
densities  of 200, 400,  and  600kg  m'3.  The  shaded  region  indicates  the  values  of  e' 
for  snow  of  given  density  and  wetness  in  the  pendular  regime. 

between  0.08  and  0.1 1  (ie.  8  to  1 1%  by  volume).  Thus,  on  20  March 
the  snow  was  in  transition  between  pendular  and  funicular  regimes. 

4.2  Labrador  Sea  fee 

As  the  complex  dielectric  constant  t*  is  closely  linked  to  the  volume 
fraction  of  liquid  brine,  it  is  important  to  know  the  effects  of 
desalination  upon  the  dielectric  properties  of  the  ice  medium.  As  low 
salinity  ice  is  warned  to  temperatures  between  -1  and  0°C,  the  volume 
fraction  of  brine  in  the  ice  rapidly  reaches  a  maximum.  For  ice  in  the 
salinity  range  0.7-0.9 %o,  e'  and  e"  increase  from  levels  more  typically 
associated  with  pure  ice  (c’=  3.1  -j  0.01)  at  -2°C  to  values  around 
t*=  4.3  1.0  at  a  temperature  of  -0.2°C  [7], 

4.3  Czband  Penelralion  Perth  ,  .  . 

Snow  liquid  water  content  increases  loss,  making  the  underlying  ice 
less  significant  in  the  backscattering  process.  With  the  addition  of 
10%  water  by  volume  fraction,  the  penetration  depth  8.  is  reduced 
from  the  order  of  several  metres  to  between  0.02  and  0.03m,  as  in 
[3].  Late  in  the  experiment  when  the  firn  is  shallow  and  drained,  or 
completely  melted,  the  underlying  low  salinity  ice  surface  is  able  to 
contribute  in  the  backscattering  process.  Throughout  LIMEX'87  the 
upper  ice  interface  temperature  was  never  colder  than  -3°C,  remaining 
close  to  0°C  throughout  the  experiment.  Sp  tends  rapidly  to  zero  for 
ice  of  any  salinity  in  the  temperature  range  -5  to  0°C  and  consequently 
volume  scattering  within  the  sea  ice  may  effectively  be  disregarded. 

5  SURFACE  ROUGHNESS  STATISTICS 


A  dielectric  mixture  formula  is  used  to  model  a  combination  of  air  and 
water  between  ice  particles,  and  water  inclusions  are  assumed  to  have 
a  shape  between  randomly  oriented  needle-like  shapes  and  spheroids. 
Fig.  3  shows  the  resulting  relationship  between  e‘  and  e"  and  volume 
fraction  of  water  Wv.  The  value  e"  tends  to  zero  for  snow  with  no 
water,  but  increases  rapidly  as  water  is  included,  e'  responds, 
increasing  by  1.9  with  the  addition  of  15%  water  by  volume  fraction. 

Fig.  3  applies  to  old  coarse  snow  in  the  'pendular  regime'  (ie.  less 
than  14%  of  pore  volume  filled  by  water).  This  state  occurs  when 
liquid  water  is  held  at  the  necks  between  snow  grain  boundaries. 
Variability  in  e'wcl  and  e"wct  increases  when  snow  crosses  the 
transition  from  the  pendular  to  funicular  regime  (where  drainage 
begins),  and  so  these  two  regimes  are  delineated  by  shading  for  e’wcl 
at  each  density.  For  snow  of  400  kg  nr3,  in  transition  between  the 
two  regimes,  t’  and  e"  are  estimated  at  2.65  and  0.5. 

Snow  wetness  calculations  were  made  by  NORDA  on  20  March  using 
the  dye  dilution  technique.  Measurements  obtained  (at  temperatures 
close  to  freezing)  from  the  damp  surface  snow  layer  (Fig.  2)  gave  an 
estimate  of  a  liquid  mass  volume  fraction  of  about  0.22.  When 
corrected  for  locally  measured  snow  densities  ranging  between  400 
and  500kg  nr3,  these  data  indicate  an  approximate  range  of  Wv 


Several  roughness  profiles  were  measured  on  snow  and  ice  surfaces 
using  a  technique  to  determine  the  height  of  discrete  elements  along  a 
transect.  Sampling  was  undertaken  at  1cm  horizontal  intervals  (Ax)  in 
lm  sections,  and  statistics  derived  using  this  technique  have  been 
analysed  numerically.  The  degree  of  roughness  of  these  surface  sites 
is  quantified  in  terms  of  the  standard  deviation  o  of  surface  height 
elements  (or  rms  height),  the  auto-correlation  function-derived 
correlation  length  /  and  the  rms  slope  s. 

Statistics  from  a  22m  long  co-registered  transect  measured  on  20 
March  indicate  height  elements  normally  distributed  around  the  mean, 
with  Gaussian  distribution.  The  standard  deviation  <j=2.72cm,  the  rms 
slope  s  =0.33rad  (~19°),  and  the  form  of  the  distribution  and  high 
rms  slope  are  influenced  by  the  overall  degree  of  deformation  of  this 
marginal  ice.  Rubbled  floe  edges,  and  rafting  caused  by  extreme 
pressure  conditions,  are  responsible  for  the  undulations  of  the  order  of 
10  or  15cm  amplitude.  It  is  evident  from  photography  and  the 
properties  and  statistics  extracted  from  surface  profiles  that  the  M1Z 
was  composed  largely  of  rubbled  or  deformed  ice  separated  by  areas 
of  undeformed,  relatively  flat,  desalinated  first  year  ice. 

Fig.  4  illustrates  autocorrelation  statistics  most  representative  of  the 
two  distinct  roughness  classes  identified  in  field  data.  Solid  curves  in 
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of  the  snow  volume  is  energised.  Volume  scalier  takes  place  from  ice 
grains  and  free  water  inclusions,  and  the  intensity  of  backscatter  is 
governed  by  their  size  and  dielectric  properties,  and  the  extinction 
within  the  layer.  The  total  volume  scattering  coefficient  is  estimated  by 
using  the  Rayleigh  approximation,  and  the  formulae  are  outlined  in  [6, 
10]. 


6.3  Combined  Backscatter  Coefficient 

Both  the  surface  backscatter  o°s  and  the  volume  backscatter  o°v  are 
combined  to  calculate  the  total  backscatter  coefficient  from  ice  floe 
surfaces.  Clearly,  calculations  of  8p  for  wet  snow  indicate  that  a 
negligible  portion  of  energy  penetrates  deep  enough  for  the  sea  ice 
medium  beneath  to  contribute  to  overall  backscatter  totals.  Additional 
attenuation  within  the  wet  snow  layer  means  that  sea  ice  volume 
backscatter  can  effectively  be  ignored  under  these  circumstances. 

7.  COMItlNED  MODEL  RESULTS 


Figure  4.  Autocorrelation  functions  for  ice  in  a)  deformed  areas,  and  b)  undeformed, 
area  Solid  lines  indicate  measured  curves  along  with  their  respective  surface 
correlation  length  (l),  standard  deviation  (O)  of  surface  roughness,  and  rms  slope  (s). 
Dashed  lines  indicate  closely  corresponding  curves  for  ideal  surfaces  with  a) 
Gaussian,  and  b )  nxponential  autocorrelation  as  functions  of  height  (£)  and  l. 

Fig.  4a  and  4b  are  representative  of  the  autocorrelation  functions  of 
deformed,  rafted  or  rubbled  areas,  and  flat  floe  surfaces,  respectively. 
The  maximum  observed  rms  slope  is  0.5rad,  and,  because 
mea  .urements  were  biased  towards  the  lower  end  of  the  roughness 
spectrum,  it  is  suggested  that  locally  rough  areas  such  as  pressure 
ridge  ice  piles  had  values  as  great  as  s  =0.8  rad  (or  45°). 

6.  SCATTERING  MODELS  FOR  A  COMPOSITE  MARGINAL 
ICE  ZONE 


7.1  Undefomied  Ice  Floe  Surfaces 

Five  sets  of  field  parameters  are  used  to  drive  the  model,  giving  a 
scattering  signature  for  each  surface  described  in  Fig.  2.  Predicted 
signatures  in  Fig.  5,  for  floes  without  changes  in  surface  roughness, 
indicate  that  as  snow  density  and  volume  fraction  of  liquid  water 
increase,  the  gradient  of  o°  in  the  incidence  range  40°<  9  <  80° 
increases.  The  level  of  the  curves  docs  not  vary  by  more  than  3dB,  yet 
it  is  evident  from  radar  images  that  certain  floes  appear  much  darker 
than  their  surrounding  counterparts  [1 1]  taking  on  an  image  intensity 
almost  as  low  as  open  water  areas.  None  of  the  combinations  of 
surface  parameters  account  for  standing  water  or  a  saturated  upper 
layer  upon  ice  floes  (Fig.  2)  and  an  additional  curve  is  plotted  in  Fig. 
5  to  represent  saturated  floes  observed  on  25  and  26  March.  This 
signature,  in  contrast,  shows  a  marked  reduction  in  o«  throughout  the 


From  examination  of  the  roughness  statistics,  it  appears  that  no  single 
scattering  approximation  can  be  used  to  simulate  backscattering  from 
this  composite  MIZ  surface.  Various  scattering  foimulations  can  be 
used  to  predict  the  backscatter  response  in  given  circumstances. 
Plotted  in  Fig.  4a  and  4b  are  dashed  Gaussian  and  Exponential 
autocorrelation  functions,  which  indicate  that  the  solid  curves  can  be 
represented  by  these  simple  functions  to  a  first  approximation. 
Providing  criteria  for  applicability  are  met,  surface  scattering  from 
these  two  distinct  surface  classes  may  be  predicted  using  simple 
Physical  optics  formulations  [8, 9]  with  similar  approximations. 

6.1  Surface  Scimsring 

Physical  optics  formulations  are  widely  used  in  modelling  surface 
backscatter;  they  arc  applicable  to  undulating  surfaces  whose 
roughness  is  large  with  respect  to  the  incident  wavelength.  Given  the 
statistics  in  Fig.  4a  and  b  for  rough  and  relatively  smooth  surfaces,  the 
criteria  for  its  application  arc  met.  In  these  cases,  the  Kirchhotf 
surface  integral  is  further  simplified  using  two  approximations,  one 
for  surfaces  with  s  <  0.25rad  and  tne  other  for  rougher  surfaces  with  s 
>  0.25rad.  The  former  is  a  scalar  approximation'  and  is  applicable 
when  a  is  a  fraction  of  X,  as  is  the  case  of  the  surface  segment  used 
for  Fig.  4b.  The  alternative  for  a  rough  surface,  described  by  the 
autocorrelation  function  in  Fig.  4a,  is  a  simple  geometric  optics 
formulation  with  a  'stationary-phase  approximation'. 

A  scalar  approximation  is  used  to  calculate  the  backscatter  coefficient 
(o°)  of  undeformed  ice.  Previously,  this  technique  has  been  used  to 
reproduce  surface  scattering  signatures  of  first  year  ice  with  an 
Exponential  autocorrelation  function  similar  to  Fig.  4b  [5, 10]  and  the 
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geometric  optics  model  is  more  appropriate.  Similarly,  this 
formulation  is  widely  used  and  discussed  in  [9,  10]  for  a  Gaussian 
autocorrelation  function, 

6.2  Volume  Scattering 

Volume  scattering  from  the  snow  layer  depends  primarily  upon  the 
amount  of  energy  transmitted  into  the  medium,  and  the  effective  value 
of  8p.  Even  for  wet  snow,  over  90%  of  the  incident  energy  is 
transmitted  across  a  smooth  air/snow  interface  (when  r(lli(0)  <  0.28). 
At  the  start  of  the  experiment,  snow  wetness  values  estimated  at 
Wv=0.05  or  less  mean  Sp  is  sufficiently  large  that  several  centimetres 
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F tgurc  S.  Simulated  C-band  HU  polarised  scattering  signatures  for  each  of  the  five 
days,  using  parameters  listed  in  Figure  2  and  roughness  statistics  for  an  undeformed 
exponential  surface  Scalterometcr  data  points  recorded  over  similar  low  salinity 
multiyear  (MY)  ice  arc  indicated,  and  a  signature  predicted for  smooth  saturated floe 
surfaces  is  included  for  comparison. 

incidence  angle  range,  of  between  4  and  12  dB.  It  demonstrates  that 
flooded  floes  have  relatively  lower  backscatter  values  over  the  whole 
angular  range,  with  maximum  contrast  at  the  largest  incidence  angles. 


7.2  Deformed  Ice 

A  C-band  acaitenng  oignatuic  fioui  13  March  was  obtained  prior  to 
surface  observations  recorded  in  Fig.  2.  It  is  a  mean  calibrated 
scattering  signature  from  a  deformed  ice  region.  A  model  curve  is 
fitted  to  these  data  in  Fig.  6  and  the  snow  parameters  necessary’  to 
generate  this  inverse  model  response  recorded.  The  curve  fit  is 
excellent,  given  actual  surface  conditions  for  that  period.  A  16cm 
deep,  low  density  snow  layer  (p=300  kgnv3)  with  small  grains 
(r=0.8mm  radius),  and  low  volume  fraction  of  liquid  water  (1VV=3%) 
are  predicted,  and  are  realistic  given  that  cold  weather  and  fresh 
snowfall  preceded  16  March  measurements  in  Fig.  2.  The  lack  of 
change  in  snow  properties  over  the  three  days  is  consistent  with 
temperatures  predominantly  below  zero  between  13  and  15  March, 
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Figure  6.  Modelling  fit  to  calibrated  SAR  data  points 
extracted  from  a  LIMEX  '87  SAR  image  acquired  on 
13  March,  with  snow  parameters  indicated. 


Figure  7.  Simulated  C-band  till  polarized  scattering 
signatures  for  a  deformed,  Gaussian  distributed  sea  ice 
surface  on  each  of  the  five  days,  using  parameters 
listed  in  Figure  2  and  recorded  roughness  statistics. 


Figure  8.  Predicted  radar  backscatter  contrast  between 
deformed  and  undeformed  ice  signatures  on  each  of  the 
experiment  days  for  Gaussian  and  cxitonential  surface 
correlation  assumptions,  respectively. 


although  some  metamorphosis  and  increase  in  density  is  natural.  A 
prediction  of  s  =0.4  rad  (~23°)  is  also  consistent  with  surface 
roughness  conditions  plotted  in  Fig.  4a. 

Observations  of  surface  roughness  were  limited  only  to  areas  of 
shipborne  surface  activity  and  the  most  deformed  regions  of  ice 
apparent  on  SAR  images  were  not  sampled.  The  M1Z  suffered  a 
severe  ice  compression  event  between  16  and  21  March.  Rapid 
compaction  took  place,  resulting  in  a  high  degree  of  uplifting  and 
pulverisation  of  ice  floes  under  the  extreme  pressure.  Limited  samples 
from  uplifted  and  rafted  blocks  of  ice  suggested  that  they  are  better 
drained  and  more  desalinated  than  floe  surfaces.  Such  materials  are 
more  efficient  volume  scatterers  than  wet  snow-coveted  floe  surfaces 
and  this  factor  is  expected  to  be  the  major  cause  of  increasing  o° 
values.  Tilted  blocks  and  floe  edges  exposed  by  rafting  and  pressure 
ridging  contribute  to  higher  rms  slopes,  and  values  of  0.4  <  s  <  0.6 
are  common.  By  25  March,  under  the  influence  of  swell  penetration, 
only  an  extremely  small  proportion  of  the  ice  floes  remained 
undeformed.  Winds  also  changed,  allowing  the  ice  pressure  to  be 
relieved,  and  as  waves  fractured  the  ice  into  a  discrete  pack  the 
discontinuous  floe  field  no  longer  supported  large  piles  of  ice  in 
rubble  or  ridges. 

Fig.  7  shows  the  results  if  lVv  in  ridged  ice  is  consistently  lower  by 
0.02-0.04,  and  when  s  increases  from  0.4  to  0.6rad  between  16  and 
21  March  (during  ice  compaction)  and  falling  to  0.5rad  by  25  March. 
Using  this  approach,  it  is  predicted  that  the  highest  o°  values  occur  on 
the  21st  March.  Only  on  the  25  and  26  March  does  o°  exceed  that  on 
the  21st,  between  40  and  50°  incidence,  due  to  increasing  water 
content  and  snow  density,  and  reduction  in  snow  depth. 

Ice  pressure  conditions  reached  a  peak  on  21st  March  and  regions  of 
deformed  ice  in  SAR  images  are  expected  to  increase  in  brightness 
over  the  preceding  days.  Digby-Argus  and  Carsey  [11]  extracted  DN 
(digital  number)  values  front  images  of  regions  of  deformed  and 
undeformed  ice.  They  confirm  that  the  radar  contrast  between  floes 
and  their  surrounding  material  does  increase  between  16  and  21 
March.  In  Fig.  8  the  relative  contrast  between  deformed  and 
undeformed  ice  has  been  predicted  using  the  pairs  of  curves  for  each 
date  in  Figs.  5  and  7,  to  see  if  the  liend  is  reproduced.  Fig.  8  shows 
that  the  mean  angular  contrast  does  in  fact  reach  a  maximum  on  21 
March  of  3.5dB.  Peak  radar  contrast  is  approximately  5dB  and  occurs 
for  45°  <  0  <  60°.  The  predicted  contrast  between  the  deformed  ice  on 
21  March  and  the  saturated  surface  in  Fig.  5  is  also  calculated  for 
comparison  ranging  from  7dB  at  40°  to  19dB  at  80°. 

8.  DISCUSSION 

LIMEX  '87  saw  a  range  of  surface  melt  conditions  which  lend 
themselves  well  to  the  use  of  this  simplified  backscatter  model.  The 
main  factors  modulating  scattering  characteristics  are  snow 
metamorphosis,  surface  wetness  and  large  scale  surface  roughness. 


The  result  is  a  high  degree  of  contrast  between  smooth  or  wet  floes 
and  their  rough  deformed  ice  surroundings,  which  is  readily  observed 
in  the  SAR  images.  The  model  predicts  contrasts  in  o°  between 
specific  ground  targets  in  order  to  make  comparisons  with  image 
properties.  Results  indicate  the  ability  to  identify  areas  of  thick, 
deformed,  and  thin  undeformed  ice  at  a  tine  of  year  when  signature 
variations  due  to  ice  typology  are  suppressed  by  snow  moisture. 
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1.  ABSTRACT 

Textural  and  contextual  Image  processing 
algorithms  have  been  used  to  automatically  estimate 
sea  ice  concentration,  floe  statistics  and  ice  type 
classification  from  Synthetic  Aperture  Radar  (SAR) 
imagery.  In  order  to  prevent  speckle  induced  noisy 
classes  and  concentration  estimates,  SAR  images 
were  filtered  using  a  median  filter  which  preserves 
edges  while  reducing  high  frequency  speckle  noise. 
Areas  covering  different  ice  types  in  the  imagery 
were  analysed  digitally  to  obtain  information  about 
their  textural  characteristics.  Classification  methods 
used  in  the  study  are  based  on  segmentation  of 
images,  supervised  and  unsupervised  classification 
algorithms.  Ice  floe  shape  descriptions  and  floe 
statistics  were  extracted  using  binary  operations. 
Using  texture  information  in  SAR  images  provided  a 
better  understanding  of  lead  properties  and  their 
spatial  distributions. 

The  result  of  this  work  is  a  generation  of  thematic 
sea-ice  maps  and  quantitative  sea-ice  information. 

Key  Words: 

SAR,  Texture,  Segmentation,  Classification, 
Speckle. 


2.  INTRODUCTION 


Understanding  the  characteristics  of  sea  ice  Is  of 
vital  Importance  for  the  Arctic  regions  both  for 
detecting  climatic  changes  caused  by  variations  in 
spatial  and  temporal  distribution  of  sea  ice  and 
solving  operational  and  logistic  problems  of 
industrial  actvities  in  the  region.  Airborne  SAR  with 
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provides  data  for  studying  sea  ice.  Therefore  much 
effort  has  been  put  into  developing  sea-ice 
classification  algorithms  using  satellite  and  airborne 
SAR  data.  However,  one  of  the  major  problems,  faced 
in  these  studies  is  associated  with  identifying 
representative  signatures  of  different  ice  types  in 
non-homogeneous  Images.  Classification  algorithms 
solely  based  on  tonal-grey  level  pixel  statistics  do  not 
provide  satisfactory  results  in  an  image  consisting  of 
strongly  deformed  first  year  ice  and  multi  year  Ice. 


Both  ice  types  give  very  similar  backscatter  values  in 
this  situation  because  of  the  SAR's  sensitivity  to 
surface  rougness  characteristics.  Therefore  a  need 
arises  to  utilize  not  only  grey  level  differences  but 
also  textural  features  for  sea  ice  classification  as  well. 
Wackerman  et  al.  (1988)  also  points  out  possible 
complications  in  sea  ice  type  classification  caused  by 
seasonal  differences  during  data  acquisition.  A  fully 
automatic  classification  algorithm  developed  by 
Wackerman  et  al.  (1988)  is  based  on  multiple 
segmentation  of  images  containing  multiple  Ice  types 
without  any  in-situ  data  input.  Holt  et  al.  (1988) 
employed  a  Bayesian  maximum  likelihood  algorithm 
to  classify  the  seasonal  sea  ice  SAR  imagery  off 
Labrador.  The  classification  algorithm  used  in  their 
work  employs  tonal  and  textural  information  from 
SAR.  A  generalized  flow  diagram  of  the  sea-ice 
information  algorithms  developed  in  our  study  is 
shown  in  figure  1. 

3.  REMOTE  SENSING  DATA  ANALYSIS 

SAR  images  used  in  this  study  were  acquired 
during  the  Marginal  Ice  Zone  Experiment 
(MIZEX'87)  in  the  Greenland  Sea  in  March-April 
1987  (MIZEX  Group.  1989).  During  the  experiment 
both  remote  sensing  and  in-situ  data  were  collected. 
Daily  SAR  coverage  was  obtained  from  an  aircraft 
while  in-situ  measurements  were  carried  out  using 
the  research  vessel  "Polar  Circle"  and  helicopters. 
The  SAR  data  were  recorded  in  digital  form  as  a  7- 
look  imageiy  by  an  X-band  SAR  system  with  a 
resolution  of  15m.  Later  processing  of  the  data  was 
performed  at  the  Nansen  Remote  Sensing  Center 
(NRSC)  using  a  ContextVislon  GOP-300  image 
processing  system.  This  included  geometric 
correction  of  the  SAR  data  with  slant  to  ground  range 
conversion  algorithms.  The  sub-scenes  used  in  this 
study  weie  exU  acted  from  the  representative 
locations  from  the  image  acquired  on  April  6  1987. 

3.1  SAR  Post-Processing  and  Speckle  Reduction 

Speckles  in  SAR  data  prevent  discriminating 
image  characteristics  due  to  their  so  called  high 
frequency  multiplicative  noise  originating  from  the 
coherent  registration  of  pixels  by  SAR  sensors.  More 
detailed  description  of  speckle  properties  of  SAR 
imagery  can  be  found  in  Elachl  (1987).  In  order  to 
use  SAR  images  for  classification,  the  speckles 


should  be  reduced  prior  to  classification  operations. 
This  is  of  vital  Importance  if  SAR  images  contain 
high  frequency  textural  information  other  than 
speckles  such  as  structural  details  of  congealed  ice 
floes  consisting  of  various  ice  types  with  rough 
surface  topography  due  to  ridging  and  shearing 
processes.  These  areas  are  characterized  by  a 
variance  representing  both  the  speckle  and  texture 
variables.  The  speckles  can  be  reduced  to  some 
extent  during  SAR  processing  with  averaging  the 
independent  number  of  looks  (N)  recorded  from  the 
same  scene  at  the  cost  of  reduced  resolution.  When 
linear  detection  is  used  in  a  SAR  sensor,  the  fading 
variance  (due  to  speckles)  can  be  reduced  by  a  factor 
of  N  as  it  is  seen  from  the  following  formula  {  Ulaby 
et  a!.,  1986 ): 


SD/M  =  (0.273/NJ1/2 


where  SD  is  the  standard  deviation  of  a 
homogeneous  area.  M  is  the  mean  intensity  of  a 
homogenous  area,  and  N  is  number  of  looks.  The 
mean  value  calculated  from  a  homogeneous  field  can 
be  used  to  find  out  the  variance  due  to  speckle 
(fading  variance). 

Another  approach  is  to  filter  SAR  images  with 
filters  in  an  image  processing  system.  To  date 
numerous  filtering  algorithms  have  been  tested  on 
SAR  images  Frost  (1981).  Lee  (1981),  Li  (1988). 
Pratt  (1975).  The  present  trend  is  to  develop  texture 
preserving  adaptive  filters.  A  simple  and 
comparatively  efficient  way  to  reduce  speckles  while 
preserving  edges  is  the  median  filtering  technique. 
This  filter  preserves  structural  detail  in  images  while 
reducing  the  speckle  noise.  One  should  be  very 
careful  with  the  selection  of  kernel  size  during 
filtering.  Fig.  2  shows  our  test  results  from  median 
filtering  of  the  images  indicating  that  Increased 
kernel  size  from  3x3  pixels  to  7x7  pixels  result  in 
considerable  degradation  of  fine  textural  details 

exhibited  over  the  area  covered  with  first  year  and 
new  ice.  Li  (1988)  solved  this  problem  with 
implementing  a  moving  average  f'n-  and  a  combined 
moving  average  and  median  niter  where  local 
variance  ratio  is  used  to  control  window  size.  If  the 
images  contain  only  low  spatial  variations  in  texture, 
it  is  more  suitable  to  use  a  larger  kernel  size  . 

3.2  Texture  Signature  of  Ice-types  and  their 
implications  on  classification. 

Physical  properties,  surface  geometry  and  surface 
roughness  of  ice  types  govern  backscattering 
coefficient  values  recorded  by  SAR  sensors.  The  most 
pronounced  hackscattering  differences  result  from 
surface  roughness  properties  of  tee.  This  is  a  pitfall 
when  SAR  sea  ice,  images  are  interpreted  solely  on 
the  bases  of  tonal  variations.  This  can  be  clearly 
observed  i,  fig.  3  where  both  multi  year  ice  (MY)  and 
sheared  first  year  ice  (FY)  floe  boundaries  are 
characterized  by  bright  tones.  Fragmented  floe  parts, 
rubble,  strongly  up  turned  pancake  edges  can  be 
falsely  classified  as  multi  year  ice  floe  fragments 
because  of  the  high  backscattering  coefficient 
resulting  from  their  increased  surface  roughness. 


Another  example  is  seen  in  fig.  4  where  swell 
propogatlon  through  the  ice  results  in  systematic 
variations  in  backscattering  .  Bright  linear  features  in 
the  swell  region  are  more  likely  associated  with 
broken-up  floes  with  increased  surface  roughness 
regardless  of  their  ice  type. 

3.3  Classification  Algorithms 

a)  Segmentation:  Image  segmentation  is  particularly 
found  to  be  suitable  to  stretch  SAR  Images  when  the 
image  histogram  is  unimodal.  Our  segmentation 
algorithm  is  based  on  iteration  technique.  The 
speckle  reduced  SAR  image  is  further  filtered  with 
low  pass  filters  in  order  to  enhance  subtle  variations 
in  the  image  histogram  (Fig.  5).  As  it  is  seen  from 
the  final  image  histogram  of  the  segmented  image, 
the  unimodal  histogram  is  now  converted  to  a 
multimodal  histogram  with  four  major  tops.  The 
image  can  be  segmented  Into  water  and  Ice  classes 
which  otherwise  was  impossible  using  the  unimodal 
distribution.  Statistical  information  extracted  from 
the  homogencuos  marked  area  shows  that,  the 
standard  deviation  was  reduced  from  4.4  to  1.1  after 
the  segmentation  process  was  completed.  This  is  due 
to  reduction  of  in-class  variations  during 
segmentation.  On  the  other  hand  overall  standard 
deviation  is  increased  from  20.2  to  46.3  as  a 
consequence  of  segmentation,  reflecting  a  more 
suitable  class  discrimination  due  to  enhanced  subtle 
differences  between  the  ice  types.  An  edge  based 
segmentation  algorithm  was  used  to  define  ice  floe 
boundaries. 

hi  Supervised  Algorithms:  Supervised  classification 
algorithms  uses  in-situ  data  in  order  to  classify 
images.  For  more  detail  Information,  see  the  paper 
"Speckle  Reduction  and  Maximumlikelyhood 
Classification  of  SAR  images  from  Sea  lee  Recorded 
During  MIZEX‘87"  (Hansson,  Tjelmeland, 
Johannessen,  Olaussen.  Karpuz,  1989). 

cl  Unsupervised  Algorithms:  The  'clustering' 
classification  method  has  been  used  to  estimate 
distribution  of  ice  types  where  in-situ  data  are  not 
available.  The  algorithm  is  based  on  the  Minimum 
Distance  classification  procedure  (Mather  1987).  The 
results  of  this  algorithm  are  suitable  to  obtain  a  rough 
estimation  of  Ice  classes  where  in-situ  data  are  not 
available.  It  is  also  used  prior  to  running  a  supervised 
algorithm  in  order  to  gain  beforehand  information  on 
ice  types. 


4.  QUANTITATIVE  ICE-FLOE  INFORMATION 

Quantitative  ice  information  is  obtained  through  a 
series  of  binary  operations  performed  on  segmented 
Images  as  well  as  from  classified  images.  We  used  a 
series  of  neighbourhood  operations  to  remove  defects 
from  the  floe  boundaries  before  applying  statistical 
information  extraction  routines.  This  is  accomplished 
using  shrinking-expanding  and  filling  operations.  We 
employed  feature  detection  operations  to  extract 
information  on  floes.  Feature  detection  operations 
were  performed  in  order  to  define  each  floe  in  terms 
of  the  following  parameters;  floe  perimeter, 
diameter,  convex  perimeter,  circularity, 
compactness,  area,  width  and  length. 


396 


4.1  Lead  Statistics  and  Orientation 

Leads  are  studied  employing  various  enhancement 
operations.  Their  areal  coverage  and  geometric 
characteristics  arc  automatically  obtained  with 
binary  feature  detection  algorithms.  Edges  adjacent 
to  leads  and  icc  gives  a  very  high  variance  value  when 
the  percentage  of  water  is  higher  compare  to  leads 
covered  with  new  ice.  This  is  achieved  using  a  filter 
which  calculates  the  local  variance  for  each 
neighbourhood  in  the  image.  The  higher  the 
variance,  the  higher  the  brightness  on  edges 
separating  leads  from  icc  floes. 

4.2  Ice  Concentration 

Total  ice  concentration  is  automatically  obtained 
from  segmented  images  with  setting  a  single 
threshold  to  the  segmented  image.  When  this 
operation  carried  out  through  the  whole  Imagery,  the 
results  can  be  displayed  as  contoured  ice 
concentration  values.  Multiple  thresholding  is  also 
used  to  extract  the  concentration  of  different  ice 
types.  When  SAR  images  classified  with  either 
supervised  or  unsupervised  classification,  areal 
coverage  of  icc  types  are  automatically  found  from  the 
number  of  classified  pixels  of  each  class. 

5.  CONCLUSION 

1)  Selection  of  a  proper  speckle  reduction 
algorithm  is  crucial  In  SAR  processing.  Important 
failures  may  occur  In  classification  results  due  to 
either  too  large  or  too  small  kernel  size. 

2)  Some  areas  In  SAR  Images  may  exhibit  the  same 
backscatter  value  regardless  of  ice  type.  This  is 
clearly  evident  In  deformed  regions  where  floes 
adjacent  to  the  shear/deformation  zones  display 
lower  backscatter  values  compare  to  their 
fragmented,  broken-up  parts  with  higher  radar 
returns  because  of  their  increased  surface  roughness. 
Similar  phenomena  can  be  seen  along  some  ice- 
edges  where  very  bright  signatures  of  ice  bands  are 
characterized  with  small  fragmented  floes  consisting 
of  different  ice  types.  If  these  problems  are  not 
recognised  prior  to  classification  operations,  the 
results  obtained  from  classification  will  not  be 
representative  of  true  ice  classes  but  only  spectral 
classes. 

3)  Segmentation  is  the  simplest  and  most  efficient 
way  to  map  different  ice  types  when  using  one 
frequency  imagery.  Iterative  low-pass  filtering 
enhances  gross  variations  In  backscatter  while 
supressing  high  frequency  variations  due  to  ice 
structures,  swell  propogatlon,  etc.  Structural  and 
textural  details  can  be  preserved  using  adaptive 
filters  and  enhancement  algorithms.  Therefore 
analysis  of  SAR  images  should  contain  both  Image 
components. 

4)  Supervised  (maximum  likelyhood,  mean 
distance)  and  unsupervised  (clustering)  classification 
algorithms  have  proven  useful  when  suitable  texture 
images  were  incorporated  in  the  classification 
algorithms.  Seasonal  differences  should  be 
considered  carefully  when  classifying  images. 
Ablational  processes  occurlng  on  ice  types  reduce 


the  backscatter  coefficient.  Characteristics  of  snow] 
cover,  especially  interbedded  ice  layers  within  a 
snow  pack  overlying  the  floes,  sea  water  flooded  ice 
floes,  wind  drag  over  open  water  areas  create 
ambiguities  in  classification  results.  These  may  be 
avoided  with  a  contextual  approach  to  classification. 
More  work  remains  to  be  done  in  this  field.  When 
available,  coincident  multi-sensor  approach  should 
be  used  in  conjunction  with  SAR  images  to  correlate 
ice  signatures  observed  on  SAR  with  other  sensor 
data. 

5)  Floe  characterization  and  estimate  of  total  ice 
concentration  is  done  on  segmented  images  with 
binary  operations.  These  operations  allow  to  define 
each  floe  with  its  shape  and  size. 

6)  Leads  are  analyzed  using  image  enhancement 
techniques.  Their  areal  distribution  is  calculated 
with  binary  operations.  Orientation  data  is  statistically 
represented  as  histograms  and  rose  diagrams. 
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Fig.l  General  outline  of  sea-ice 
information  extraction  algorithms. 
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Fig.  2c 


Fig.  2  Results  of  median  filtering 
with  various  kernel  sizes  and  their 
image  profiles  through  X-Y.  Note 
degraded  textural  details  in  first 
yerar  ice  (FY)  covered  areas.  Ground 
resolution  :  15m  Scale  :  1/100000 


a)  Raw  SAR  sub-scene 

b)  Filtered  with  a  kernel  size  3x3 
pixels 

c)  Filtered  with  a  kernel  size  7x7 
pixels 


SiSPBfev 

Fig.  3  Sub-scene  with  different  ice 
types.  Deformation  zones  (DZ) 
between  first  year  floes  (FY)  and 
multi  year  ice  floe  fragments  (MY) 
as  well  as  rubble  fields  (RB)  have 
the  same  backscatter  values. 
Ground  resolution:  15m  Scale  : 
1/100000 


Fig.  4  Swell  propogatlon  in  ice 
creates  systematic  bright  bands 
consisting  of  broken  floe  parts, 
mixture  of  different  ice  types.  High 
backscatter  values  of  these  bands 
can  not  be  correlated  with  ice  types. 
Ground  resolution  :  15m  Scale  : 
1/100000 


Fig.  5a 
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Fig.  5b 

Fig.  5  Segmentation  of  images  with 
iterative  filtering.  Sea  water/thin 
new  ice  can  be  separated  from 
other  ice  types  with  a  single 
threshold  in  the  multimodal  image 
histogram.  The  area  marked  with 
"A"  is  used  to  obtain  local  statistics. 
Ground  resolution  :  15m  Scale  : 
1/100000 

a)  Raw  image  and  its  unimodal  image 
histogram 

b)  Segmented  image  and  its 
multimodal  histogram. 

Water  /thin  ice  :  W 
New  ice  :  NI 

First  year  ice  :  FY 
Multi  year  ice  :  MY 


